ONR Award # N00014-7-1-1010

FINAL REPORT

BLAST AND IMPACT RESISTANT COMPOSITE STRUCTURES
FOR NAVY SHIPS

Submitted by:

P. Raju Mantena, Ahmed Al-Ostaz, Alexander H.D. Cheng and A.M. Rajendran
Composite Structures and Nano-Engineering Research
The University of Mississippi, University, MS 38677

To:

Dr. Yapa D. S. Rajapakse
Program Manager, Solid Mechanics
Office of Naval Research (ONR 332)

One Liberty Center (Suite 1425)
875 North Randolph Street
Arlington, VA 22203-1995

101 203 21055

S

March 15,2013




F A d
REPORT DOCUMENTATION PAGE i be.01is

Public raporting burden for this collection of information Is astimated to everage 1 hour per response, including the time for reviewing instructions, searching data sources,

gathering end meintaining the data needed, and complating and reviewing the collection of information. Send comments regarding this burden astimata or any other aspect of this collection
of information, inciuding suggestions for reducing this burden to Washington Headquarters Service, Directorate for Information Operetions and Raports,

1215 Jefferson Davis Highway, Suite 1204, Arlington, VA 22202-4302, end to the Office of Management and Budget,

Paperwork Reduction Project (0704-0188) Washington, DC 20503

PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ADDRESS.

1. REPORT DATE (DD-MM-YYYY) 2. REPORT TYPE 3. DATES COVERED (From - To)
15-03-2013 FINAL 16-JUL-2007 - 31 DEC-2012
4. TITLE AND SUBTITLE 5a. CONTRACT NUMBER

Blast and Impact Resistant Composite Structures for Navy Ships N/A

5b. GRANT NUMBER
N00014-07-1-1010

5¢c. PROGRAM ELEMENT NUMBER

N/A
6. AUTHOR(S) 5d. PROJECT NUMBER
Mantena, P. Raju 12PR04101-01
Al-Ostaz, Ahmed
Cheng, Alexander H. D. 5e. TASK NUMBER
Rajendran, A. M. NA
5f. WORK UNIT NUMBER
N/A
7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION
UNIVERSITY OF MISSISSIPPI REPORT NUMBER
OFFICE OF RESEARCH N/A
100 BARR HALL
UNIVERSITY, MS 38677-0907
9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSOR/MONITOR'S ACRONYM(S)
Office of Naval Research, 875 North Randolph Street, Arlington, VA 22203- ONR
1995
ONR REG ADMIN ATLANTA-N66020, 100 ALABAMA STREET SW SUITE 11. SPONSORING/MONITORING
4R15, ATLANTA, GA 30303-3104 ‘I‘:‘ﬁ:‘i" REPORT NUMBER

12. DISTRIBUTION AVAILABILITY STATEMENT
Approved for Public Release; distribution is Unlimited.

13. SUPPLEMENTARY NOTES

14. ABSTRACT

The focus of our research efforts is on marine composite structures, particularly lightweight glass/carbon polymeric
based composites, and innovative concepts for the mitigation of blast, shock and impact effects. Technical approach
included researching low-cost fire resistant nanoclay and exfoliated graphite platelet reinforced glass and carbon
polymeric based composites with fly ash and 3-D fiber reinforced foams, investigating their response to low-velocity
impact, ballistic, shock and blast loads; dynamic mechanical analysis for modulus, damping, creep and stress relaxation;
developing constitutive models and computer simulations; and evaluating their radar-absorbing and EM-shielding
characteristics for improved stealth and safety. Research conducted under this ONR award would also impact the
development of composite materials technology for the nation’s critical infrastructure; body and modular armor designs
for military and civilian vehicles; homeland security; JIJEDDO (Joint Improvised Explosive Device Defeat Organization)
and DTRA (Defense Threat Reduction Agency).

15. SUBJECT TERMS

Blast mitigation, shock, low-velocity impact, composite materials, nanoclay, exfoliated graphite, 3D fiber reinforced foams

16. SECURITY CLASSIFICATION OF: 17. LIMITATION OF [ 18. NUMBER 19a. NAME OF RESPONSIBLE PERSON
ABSTRACT OF PAGES P. Raju Mantena
uu 295
a. REPORT b. ABSTRACT c. THIS PAGE 19b. TELEPONE NUMBER (/nclude area code)
U U U 662.915.5990

Standard Form 298 (Rev. 8-98)
Prescribed by ANSI-Std Z39-18




TABLE OF CONTENTS

1.0 PROJECT SUMMARY ...ttt ettt 1
2.0 MAJOR ACCOMPLISHMENTS AND OUTCOMES.......cccoiviiiiiiiiiiiiiiiininnnennn 3
3.0 SIGNIFICANCE OF RESEARCH AND NAVY RELEVANCE.........cccovvvvvvinnnnn.n. 5
4.0 COLLABORATION AND TRANSITIONS. ...ttt ieiiieceiieieae e 5
5.0 ACKNOWLEDGEMENT ..ottt e ere e e e e e e enee 6
6.0 JOURNAL PUBLICATIONS AND CONFERENCE PROCEEDINGS..................... 7
7.0 TECHNICAL REPORTS
7.1 2007 ONR Solid Mechanics Program Review........c..cccoveiiiviiiiiiiniiniinnnn.n. 11
7.2 2008 ONR Solid Mechanics Program Review...........c.covviiiiiiiiiiiinininnnan 13
7.3 2009 ONR Solid Mechanics Program Review...........cccovveiiiiiiiiiinininninnnnn. 23
7.4 2010 ONR Solid Mechanics Program Review...........c.cocevviviiiiiinnininnnnn., 35
7.5 2011 ONR Solid Mechanics Program Review.........c..ccoeveviiiiiiiiiiiinninnnn... 45

8.0 APPENDIX: Copies of Journal publications (A through V listed on page 7)............... 55




ONR Award # N00014-7-1-1010
BLAST AND IMPACT RESISTANT COMPOSITE STRUCTURES FOR NAVY SHIPS
P. Raju Mantena, Ahmed Al-Ostaz, Alexander H.D. Cheng and A.M. Rajendran

Composite Structures and Nano-Engineering Research
The University of Mississippi, University, MS 38677

PROJECT SUMMARY

Objective of this research is to develop stronger, safer and more cost-effective structures for the
new generation naval ships; especially nanoparticle reinforced glass/carbon polymeric based composites
and structural foams for blast, shock and impact mitigation. FRP composites are presently being used in US
Navy Ships such as the Osprey class mine hunter, and for topside structures on large warships such as the
Advanced Enclosed Mast System (AEMS). The navy also has plans to integrate more composites into the
new generation CV(X) and DD(X) ship class designs.

The focus of our research has been on marine composite structures; particularly lightweight
glass/carbon polymeric based composites, and innovative concepts for the mitigation of blast, shock and
impact effects. Technical approach included researching low-cost fire resistant nanoclay and exfoliated
graphite platelet reinforced glass and carbon polymeric based composites with fly ash and 3-D fiber
reinforced foams; investigating their response to low-velocity impact, ballistic, shock and blast loads;
dynamic mechanical analysis for modulus, damping, creep and stress relaxation; developing constitutive
models and computer simulations; and evaluating their radar-absorbing and EM-shielding characteristics for
improved stealth and safety.

The University of Mississippi (UM), Michigan State University (MSU), and University of New
Orleans (UNO), supported by the US Army Corps Engineer Research and Development Center (ERDC)
have utilized their research strengths in collaborating on the modeling, analysis, fabrication and testing of
affordable blast, shock and impact resistant nanoparticle reinforced composite structures for the new
generation of navy ships. University of Alabama-Birmingham (UAB) fabricated the large VARTM
sandwich composite panels and performed quasi-static, fire and ballistic tests. North Carolina A&T State
University (NC AT) provided their patented low-cost fire resistant fly ash based Eco-Core foams. Northrop
Grumman Ship Building (NGSB), Gulfport, MS advised and facilitated these research efforts. WebCore
Technologies, Miamisburg, OH provided their patented TYCOR® foam cores for layering in between glass
or carbon composite face sheets; providing structures that offer optimal flexural rigidity, vibration damping
and blast/shock/impact energy absorption along with reduced weight for the future generation naval
structures or the retrofitting of existing ones.

Sandwich composites with balsa and foam cores are presently being featured in a number of navy
applications such as in surface ship deck structures, radar mast and boat hulls. In the work reported here,
several new and emerging cores in sandwich construction have been explored. Different core types
considered include;

(a) Balsa wood which is a traditional core material being used in present generation ship structures.
Balsa is a natural material, and is prone to local variation in properties due to cell size and cell thickness
variations;




(b) Polyvinyl chloride (PVC) foam core which is being used in present generation ship structures
for radar mast enclosures and boat hulls;

(c) Tycor (TYCOR® from Webcore Technologies), an engineered three-dimensional fiber
reinforced damage tolerant core for sandwich structures, has the potential to provide improved blast and
ballistic resistance. In this core, glass fiber is reinforced through the thickness of closed cell foam sheets to
produce a web and truss structure; and .

(d) Eco-core is an emerging fire resistant sandwich core. Fire damage in ship structures is of
significant concern. The burn-through resistance and heat insulation characteristics of Eco-core makes it an
attractive fire resistant core. The inexpensive fire resistant Eco-Core or other foams layered in between
carbon nanotube or graphite platelet enhanced composite face plates will provide structures that offer
optimal flexural rigidity, vibration damping and blast/shock/impact energy absorption along with reduced
weight; for the future generation naval structures or the retrofitting of existing ones.

One of our research goals is to make use of the available experimental blast and shock response
data, for performance prediction of sandwich composite panels under a wider range of operational loading
conditions and threat scenarios, which would facilitate design decisions at the ship superstructure-system
level. The P-I (Pressure-Impulse) diagram mathematically relates a specific damage level to a combination
of blast pressure and impulse imposed on a particular structural element and allows reduced order modeling
of the sandwich composite panel systems. P-I curves are also known as iso-damage curves with each curve
representing a certain response level such as mid-span deflection or rotation at supports, etc. Experimental
blast response and quasi-static material property data were generated for E-glass and carbon face skin
sandwich composite panels with balsa, PVC foam and TYCOR® cores. The Pressure vs Impulse (P-I)
curve methodology that was developed to represent estimated damage levels in civil infrastructure
components subjected to blast loadings, has been adapted for analyzing these sandwich composite panels.
Results show good correspondence between model predictions and experimental data for the performance
evaluation of various sandwich composite panel configurations. This P-I curve methodology enables the
generation of a database of performance envelopes for sandwich composite panels with a variety of skin
and core material combinations under various blast and shock loading scenarios, for naval composite
structural applications. The available experimental data, which is limited to only specific blast and shock
loading scenarios, has been used for validating this computer simulation methodology.

Other complementary research efforts covered in this report include: a first-principles estimation of
the shock response of nanoreinforced composite materials; creep, stress relaxation modeling and the effects
of bromination on viscoelastic response of nanoclay and graphite platelet reinforced vinyl ester;
determination of power law attenuation coefficients and the electromagnetic characteristics of carbon
nanotubes. In the following sections; the major accomplishments and outcomes, journal articles and
conference proceedings supported by this grant, and the technical details of this research (presented at the
annual reviews) are provided.




MAJOR ACCOMPLISHMENTS AND OUTCOMES:

Shock Tube Apparatus Split-Hopkinson Pressure Bars (tension and compression)

s State-of-the-art shock tube and Split-Hopkinson Pressure Bars (tension and compression)
commissioned in the Blast and Impact Dynamics laboratory at the University of Mississippi, for the
high-strain rate evaluation of composite materials and sandwich structures.

o Researched new and emerging cores including low cost fire resistant fly ash based Eco-Core® and
TYCOR® (an engineered three-dimensional fiber reinforced damage tolerant core); woven carbon
and high-elongation HPG glass face skins in sandwich constructions.

o Large (8 feet x 4 feet) scale navy relevant sandwich composites with balsa, PVC foam, stitched
polyurethane with glass and carbon / vinyl ester fabricated by the VARTM process as per Northrop
Grumman Ship Building design specs.

e Glass and Carbon sandwich composite panels with balsa, PVC foam and TYCOR® cores were
subjected to blast loads simulating approximate threat levels of 2000 Ibs to 27,000 Ibs of TNT, at
the ERDC-Blast Load Simulator (BLS) facility.

¢ Developed and evaluated 12” x 12 x 2” thick fire resistant fly ash based Eco-Core panels, with and
without chopped glass fibers, for use in sandwich structural applications. The effect of long term
immersion of Eco-Core, balsa and PVC foam in sea and tap water was evaluated and found that
Eco-Core is as good as PVC foam. The energy absorbing potential of Eco-Core as a sacrificial
structural panel against a glass/vinyl ester composite panel has also been assessed.

e Low-cost and fire resistant nanoclay and graphite platelet reinforced panels manufactured.

e Creep and stress relaxation modeling, and the effects of bromination on viscoelastic response of
nanoclay and graphite platelet reinforced vinyl ester.

e Low velocity punch-shear response of nanoclay and graphite platelet reinforced vinyl ester plates,
laminated face sheets and sandwich composites.

e High-strain rate characteristics of nanoclay and graphite platelet reinforced vinyl ester panels.

e Shock tube analysis of sandwich composite beams and face skins performed.
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Ballistic and fire damage response of various sandwich composite configurations initiated.

A first-principles estimation of the shock response of nanoreinforced composite materials
developed.

Molecular dynamics simulations of graphite-vinyl ester nanocomposites and its constituents.

AUTODYN simulations of the shock response and finite element modeling of nanoclay and
graphite platelet reinforced vinyl ester nanocomposites.

The Pressure vs Impulse (P-I) curve methodology (developed to represent estimated damage levels
in civil infrastructure components subjected to blast loadings) has been adapted for analyzing the
sandwich composite panels and face skins.

The power law attenuation coefficients and electromagnetic characteristics of carbon nanotubes
were evaluated.

Research findings published in twenty two journal articles (copies included in Appendix), and
disseminated in eighteen conference presentations/proceedings.




SIGNIFICANCE OF RESEARCH AND NAVY RELEVANCE:

Producing stronger, safer and more cost-effective platforms for the new generation naval ships
requires innovative designs, new materials, and affordable/efficient processing and characterization
technologies. This research will advance the development of blast, shock and impact resistant composites
for navy ship structural applications; to achieve better mobility, survivability, stealth, safety, and at lower
cost. Research conducted under this ONR award would also impact the development of composite materials
technology for the nation’s critical infrastructure; body and modular armor designs for military and civilian
vehicles; homeland security; JIEDDO (Joint Improvised Explosive Device Defeat Organization) and DTRA
(Defense Threat Reduction Agency).

COLLABORATION AND TRANSITIONS:

Northrop Grumman Ship Building (NGSB) - Advanced Capabilities Group (ACG) has collaborated
and facilitated this research effort on the development of advanced ship panel concepts. Webcore
Technologies Inc., a small-scale industry in Dayton, OH worked closely with University of Mississippi to
develop affordable and durable TYCOR® composite sandwich panels for ship structural applications.
TYCOR® is currently being used in several military and commercial applications including refrigerated
cargo floor for Navy cargo ships, Air Force tactical shelters, Air Force runway matting, vehicular bridge
decks, railcar floors and wind turbine blades. The US Army Corps of Engineers - Engineer Research and
Development Center (ERDC) in Vicksburg, MS has maintained a strong connection with our research team
at Ole Miss. The results of this research have also been successfully leveraged for grants from other federal
agencies, including the following:-

Alex Cheng (PI), Ahmed Al-Ostaz, Christopher Mullen and P. Raju Mantena; Nano Particle Reinforced
Coniposites for Critical Infrastructure Protection with Extension to Multiple Hazards; SERRI
(Southeast Region Research Initiative)-Department of Homeland Security; $1,159,976;
2007 to 2010.

Alex Cheng (PI), Chung Song, Ahmed Al-Ostaz and P. Raju Mantena; Structural, Material, and
Geotechnical Solutions to Levee and Floodwall Construction and Retrofitting; SERRI (Southeast
Region Research Initiative)-Department of Homeland Security; $1,959,537; Nov 1, 2007 to Aug 31,
2012.

Ahmed Al-Ostaz (PI), Alex Cheng, Chung Song, A.M. Rajendran; Nano-enhanced and Bio-inspired
Materials for Mitigation and Protection of TIH Railcars and Stationary Tanks against High-Power
Impact; SERRI (Southeast Region Research Initiative)-Department of Homeland Security;
$1,001,970; 2010 to 2012.

A .M. Rajendran (PI), P. Raju Mantena and Ahmed Al-Ostaz; Nano to Continuum Multi-Scale Modeling
Techniques and Analysis for Cementitious Materials under Dynamic Loading; DOD-HBCUs PIRT;
$900,000; June 1, 2011 to May 31, 2016.

AM. Rajendran (PI) and P. Raju Mantena; Atomistic Modeling of Transparent Glass/Ceramic
Materials; ARO-TARDEC; $199,960; Nov 1, 2012 to April 30, 2014.

P. Raju Mantena (PI); High-Strain Rate Experimental Characterization and Analytical Modeling of
Nanoenhanced Functionally Graded Composites for Energy Dissipation under Shock and Impact
Loading, ERDC-CERL; $50,000; Sep 1, 2012 to Aug 31, 2013.
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2007 ONR Solid Mechanics Program Review: Marine Composites and Sandwich Structures

BLAST AND IMPACT RESISTANT COMPOSITE STRUCTURES FOR NAVY SHIPS

P. Raju Mantena, Alexander H.D. Cheng and Ahmed Al-Ostaz
Composite Structures and Nano-Engineering Research
University of Mississippi, University, MS 38677

OBJECTIVE

Composite materials are increasingly being used in the construction of naval ships to enhance
operational efficiency and reduce the life time costs. Naval ships are potentially subjected to dynamic loading in
the form of severe blast waves generated by high-power explosives, as experienced by the USS Cole (Figure 1).
Producing stronger, safer and more cost effective platforms for the new generation of naval ships requires
innovative designs, new materials, affordable/efficient processing and characterization technologies. This
project addresses several of these issues which would be of considerable benefit to navy operations.

Figure 1: USS Cole subjected to high-power explosive blast loading.

TECHNICAL APPROACH

University of Mississippi (UM), Michigan State University (MSU), and University of New Orleans
(UNO), supported by the Survivability and Protective Structures Branch of the Army Corps of Engineers
Research and Development Center (ERDC) will utilize their unique research strengths in modeling, analysis,
fabrication and testing of affordable structural composites to develop blast and impact resistant composite
structures for the new generation navy ships to achieve better mobility, survivability, stealth, safety, and lower
cost. North Carolina A&T State University (NC AT) will provide their patented fly-ash based Eco-Core foams,
and the University of Alabama-Birmingham (UAB) will fabricate VARTM sandwich panels and perform
ballistic tests. Northrop Grumman Ship Systems (NGSS), Gulfport, MS will advise and facilitate UM on their
research efforts.

Focus of the proposed research is on marine composite structures, especially lightweight glass/carbon
polymeric based composites, and innovative concepts for the mitigation of blast/shock/impact effects. Research
areas include: low-cost fire-resistant exfoliated graphite and nano clay reinforced composites; fly ash based
structural foams; low-velocity and ballistic impact; blast response; accelerated testing for long-term durability;
dynamic mechanical analysis; computational mechanics and simulation; radar-absorbing and EM-shielding nano
coatings for improved stealth/safety.
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Tasks to be performed by the various agencies associated with this project are as follows:

University of Mississippi: UM has the expertise and facilities for conducting research on nanocomposite
materials; low-velocity impact, dynamic mechanical analysis; accelerated testing for long-term durability;
computational mechanics and simulation; Resonant Ultrasound Spectroscopy (RUS); radar-absorbing and EM-
shielding nano coatings for improved stealth/safety.

Michigan State University, East Lansing, MI: MSU will concentrate its research effort on the development of
low-cost fire resistant exfoliated graphite and nano clay reinforced brominated vinyl ester (or other) resin
panels, flexible films and coatings; interphase studies, and novel processing techniques for navy ship structural
applications.

University of New Orleans, New Orleans, LA: UNO will work on Hopkinson bar high-strain rate
experimental characterization; dynamic modeling and simulation for determining the response of large
composite structures/panels to high energy blast loads, and proposing optimal design configurations

University of Alabama-Birmingham, AL: UAB will fabricate 4’ x 8° VARTM E-glass / vinyl ester with Eco-
Core foam and TYCOR core sandwich panels; perform intermediate (gas gun) and high-velocity (ballistic)
projectile penetration testing of specimens with and without elastomeric or other nano coatings; flame
retardation experiments, and microscopy quantification.

North Carolina A&T State University, Greensboro, NC: For this project, NC AT will focus their research on
developing and supplying to UM lighter, stronger, impact and fire resistant 12” x 12” x 1” Eco-Core foam
pancls for navy ship applications; conduct mechanical (tension, compression and shear) tests and provide the
data for other performance studies; explore scaling of the manufacturing process to 2ft x 2ft x 1lin or larger
panels; and identify potential tie-up with industry for commercialization.

Engineer Research and Development Center (ERDC), Vicksburg, MS: ERDC conducts research and
development (R&D) in support of military construction, military engineering, civil works, Department of
Defense, and others. ERDC will support UM research with its unique Blast Load Simulator (BLS) facility for
evaluating the response of sandwich composite structures/panels to blast pressure waveforms of up to 20,000
Ibs explosive yields and peak reflected pressures simulating blast loads from terrorist bombs.

Northrop Grumman Ship Systems (NGSS), Gulfport, MS: FRP composites are presently being used in US
Navy Ships such as the Osprey class mine hunter, and for topside structures on large warships such as the
Advanced Enclosed Mast System (AEMS). The navy also has plans to integrate more composites into the new
generation CV(X) and DD(X) ship class designs. Almost half of the nation’s naval ship building industries are
located in the Gulf Coast, and most prominently Northrop Grumman Ship Systems in Mississippi and
Louisiana. NGSS will advise and facilitate UM on their research efforts.

RECENT ACCOMPLISHMENTS

The project has just been awarded and sub-contracts are being processed.

NAVY RELEVANCE

Results from these investigations have significant potential in the development of nano-multifunctional
materials and sandwich structure designs that would contribute to building lighter, stronger and faster ships for
the US Navy. The inexpensive fire resistant Eco-Core or other foams layered in between carbon nanotube or
graphite platelet enhanced composite face plates will provide structures that offer optimal flexural rigidity,
vibration damping and blast/shock/impact energy absorption along with reduced weight; for the future
generation naval structures or retrofitting of existing ones.
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2008 ONR Solid Mechanics Program Review: Marine Composites and Sandwich Structures

BLAST AND IMPACT RESISTANT COMPOSITE STRUCTURES FOR NAVY SHIPS

P. Raju Mantena, Alexander H.D. Cheng and Ahmed Al-Ostaz
Composite Structures and Nano-Engineering
The University of Mississippi

OBJECTIVE

Develop stronger, safer and more cost-effective structures for the new generation naval ships; especially
nanoparticle reinforced glass/carbon polymeric based composites and structural foams for blast/shock/impact
mitigation.

TECHNICAL APPROACH

Focus of research is on marine composite structures; particularly lightweight glass/carbon polymeric
based composites, and innovative concepts for the mitigation of blast/shock/impact effects. Sandwich
composites with balsa and foam cores are presently being featured in number of navy applications such as in
surface ship deck structures, radar mast and boat hulls. In the present work several new and emerging cores
have been explored in sandwich construction. Different core types have been considered including; (a) Tycor
(TYCOR® from Webcore Technologies), an engineered three-dimensional fiber reinforced damage tolerant core
for sandwich structures, has the potential to provide improved blast and ballistic resistance. In this core, glass
fiber is reinforced through the thickness of closed cell foam sheets to produce a web and truss structure; (b)
Eco-core is an emerging fire resistant sandwich core. Fire damage in ship structures is of significant concern.
The burn-through resistance and heat insulation characteristics of Eco-core makes it an attractive fire resistant
core; (c) Balsa wood which is a traditional core material being used in present generation ship structures. Balsa
is a natural material, and is prone to local variation in properties due to cell size and cell thickness variations;
and (d) Polyvinyl chloride (PVC) foam core which is being used in present generation ship structures for radar
mast enclosures and boat hulls.

Our research approach includes the characterization of low-cost fire resistant exfoliated graphite
nanoplatelet reinforced glass/carbon polymeric based composites with fly ash and 3-D fiber reinforced foams;
investigating their response to low-velocity impact, ballistic, shock and blast loads; dynamic mechanical
analysis for modulus, damping, creep and stress relaxation; developing constitutive models and computer
simulations; accelerated testing for long-term durability; and the radar-absorbing and EM-shielding
characteristics for improved stealth/safety. '

RECENT ACCOMPLISHMENTS

E-glass / vinyl ester sandwich composite panels were designed and fabricated by the VARTM process
as per Northrop Grumman Ship Building design specifications. These 4’ x 8’ x 2.32” thick sandwich panels are
made up of 0.16” thick E-glass (90/0, 45/-45, 90/0, 45/-45), 90/0) face skins with Dow 510A-40 brominated
vinyl ester resin and 2” thick Tycor, PVC foam and balsa cores. Two large panels were subjected to blast load
waveforms and peak reflected pressures simulating terrorist threats. Trial blast tests, simulating an approximate
threat level of about 27,000 Ibs TNT at 184 feet, were conducted at the ERDC - Blast Load Simulator (BLS)
facility in Vicksburg, MS. One 4’ x 4’ E-glass/Tycor panel (with all-around bolted b.c.) subjected to 80 psi
pressure level was not breached, and there are no visible signs of damage. Another 64” x 34 E-glass/ Balsa
core panel (two-sides pinned and two-sides free b.c.) subjected to about 60 psi slid through the supports and was
completely damaged, with E-glass face skin on blast side shearing into two halves at the middle.
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Instrumentation, data acquisition and specimen clamping issues are being resolved for future full-scale blast
experiments. Smaller samples cut from the larger sandwich panels are undergoing shock tube and ballistic tests.

AUTODYN computer simulations of the response of composite structures/panels to blast loads, particle
dynamics model of the impact event, and a first-principle shock model were developed. The modulus, damping
and glass transition temperature of vinyl ester reinforced with graphite nano platelets and nanoclay have been
characterized. Low-velocity impact, high-strain rate Hopkinson bar and shock-tube tests were performed on
these nanoparticle reinforced specimens. Their radar-absorbing and EM shielding characteristics were also
evaluated. 12” x 12” x 2” thick fly ash based Eco-core foam panels were manufactured and their static
properties determined. Further details of these research investigations are given in the following sections.

1. Dynamic Mechanical Analysis: A TA Instruments Model Q800 DMA was used for characterizing the
dynamic modulus, loss factor, T, , creep and stress relaxation properties of graphite platelet and nanoclay
reinforced composites [1] proposed for naval ship structural applications. Peaks of the tan delta or loss modulus
curves are found to be sensitive indicators of glass transition temperature and are associated with the impact
properties of elastomeric materials. The time-temperature superposition principle is also employed for
characterizing the long-term behavior of nanocomposites. From DMA testing, it was observed (Figure 1) that
the storage modulus of pure nylon 6,6 is greater than that of pure vinyl ester, where as the glass transition
temperature and loss factor are higher for pure vinyl ester compared to pure nylon 6,6. Storage modulus
increased with increasing reinforcement in all the cases. It was also observed that storage modulus and glass
transition temperature of 2.5 wt. percent graphite platelet reinforced vinyl ester is more than that of nanoclay
reinforced vinyl ester, while loss factor is higher for the 2.5 wt. percent nanoclay reinforced vinyl ester.
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Figure 1. Storage modulus, damping and glass transition temperature for nylon 6,6 with MWCNTs; and
vinyl ester reinforced with nanoclay and graphite platelets.

2. Low-velocity Impact and Shock Response: Low-velocity impact tests were performed on vinyl ester
nanocomposites in a drop-weight instrumented impact test system (Dynatup Model 8250) as per ASTM D6110-
06. From low-velocity impact testing it is observed (Figure 2) that for un-notched specimens, the energy
absorption of pure vinyl ester almost doubled when reinforced with 2.5 wt. percent Cloisite 30B nanoclay and
exfoliated graphite nano platelets [2]. However, notched specimens showed a 50% decrease in energy
absorption for 2.5 wt. percent nanoclay and a 75% decrease with 2.5 wt. percent graphite platelet
reinforcements, suggesting notch sensitivity.
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Figure 2. Energy absorbed by notched and un-notched pure vinyl ester, and with nanoclay
and graphite platelet reinforcements under low-velocity impact.

Shock tube tests were conducted at the University of Rhode Island on nanocomposite panels of
dimension 254 mm x 101.6 mm x 9.9 mm (10” x 4” x .39”). The panels were held under simply supported
conditions so as to minimize damage due to gripping and clamping. The span of the simply supported plate was
152 mm (6”) and the overhangs measured 50.8 mm (2”) from each end. The center of the specimen was kept in
line with the center of the shock tube. The ratio of the loading diameter to the span was 0.5. The specimens were
blast loaded from the exit of the shock tube on the face opposite to the supports [3]. One panel from each
configuration was subjected to 70 psi (482.3 kPa) and another at 120 psi (827.4 kPa) peak pressure. Samples
subjected to 70 psi (482.3 kPa) peak pressure did not fracture, and all the samples subjected to 120 psi (827.4
kPa) peak pressure shattered into pieces(Figures 3 and 4).
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Figure 3. Real time image of 2.5 wt. % graphite Figure 4. Deflection vs. time from high speed
platelet/vinyl ester specimen subjected to 120 psi images. for pure vinyl ester and nanocomposites at
peak pressure in shock tube [3]. 120 psi peak pressure in shock tube [3].
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For analyzing the material response to shock loading, quasi-static and dynamic approaches were
adopted. In quasi-static method, the energy absorbed by each specimen is obtained by correlating the mid-span
deflection with the pressure in terms of transient load. Pressure at respective time intervals was converted to
transverse load exerted on the specimen by multiplying it with the effective area of the driven section (3”
diameter). Transient loads obtained were plotted against the respective mid-span deflections. Energy absorbed
was then computed with numerical integration up to the point of maximum deflection (failure) [3]. The energy
absorbed up to failure for 120 psi peak pressure shock loading for pure vinyl ester and nanoclay and graphite
platelet reinforced composites is shown in Figure 5. As per this approach, the 2.5 wt. percent graphite platelet
reinforced vinyl ester appears to absorb maximum energy up to failure. It was also observed that shock tube
response of nanocomposites showed a similar trend as that of the low-velocity impact tests. Results of shock
tube tests are inconclusive at this stage as only one sample was tested in each case.
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Figure 5. Energy absorption of pure vinyl ester and Figure 6. Centerline displacement from
nanocomposites subjected to 120 psi (827.4 kPa) shock model of a sample beam subjected
pressure in shock tube. to three pulses (with 2% damping).

3. First-Principle Shock Model: Main purpose of this work is to obtain the response of a structure
experiencing an arbitrary shock load through modal analysis. The selected model is an Euler-Bernoulli beam
with both torsional and lateral springs at its ends so that the boundary conditions are adjustable. The beam is
also connected to a foundation to which base excitation can be applied. Model input includes the gross
properties of Young’s modulus, material density, and physical geometry. The excitation force time history, or
the shock pressure pulse, is discretized into sufficiently small time steps to capture the highest expected
frequency content. Closed form equations have been employed to derive the eigenproblem that generates the
structure's mode shapes and natural frequencies. A discrete number of orthonormalized mode shapes are used to
obtain the time history response. An amount of damping is also estimated for each mode in the simulation. As
shown in Figure 6, this method captures the transient behavior, specifically at each abrupt change in force. The
approach is to match shock tube experiments using gross parameters of the composite materials and actual
pressure pulses. Convergence studies will be important to ensure capture of the complex shock response. An
additional Hertzian element will be added into this beam model to simulate any structural contact or as a
preliminary model for fluid resistance. Eventually the impact dynamics of a beam subjected to shock in a fluid
environment will be examined. The goal is to mimic a shock load on a segment of ship hull underwater.

4. AUTODYN Simulations: Finite element analysis of fluid structure interaction (FSI) was used to study blast
resistance of sandwich composites. Commercially available hydrodynamic software AUTODYN 11.0 with
either Lagrangian, Eulerian, Arbitrary Lagrangian-Eulerian (ALE) or SPH formulation was used. Data is being
collected to establish Pressure-Impulse (PI) and iso-damage curves for sandwich composites made up of 0.16”
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thick E-glass (90/0, 45/-45, 90/0, 45/-45), 90/0) face skins and 2” thick Tycor foam. Mechanical properties of
Tycor (from the manufacturer) and skin properties (from literature) used in this study are summarized in Table

1.

Table 1: Properties of Tycor foam and E-glass / vinyl ester skins

Foam properties Skin properties (v¢=0.65)
Stiffness Average strength U:::_T;::e Stiffness Average strength
E, (MPa) 351.6 Ty (MPa) 5.52 1.57% Ey (GPa) 48.86 Ty (MPa) 820
Ey (MPa) 206.8 Tt (MPa) 2.07 1.00 % Er (GPa) 16.17 Tt (MPa) 45
Ez (MPa) 682.6 Tz (MPa) 448 0.66 % Ez(GPa) 16.17 CL(MPa) 490
Viz 028 Cp(MPa) 5.52 1.57% VLT 0.263 Cy(MPa) 110
vz, 0.16 Cr(MPa) 345 1.67 % Viz 0.263 Spr (MPa) 55
Vi -0.15 Cz(MPa) 15.2 222% Vz1, 0.088
Gz (MPa) 227.5 Sy.z (MPa) 2.90 127 % G (GPa) 7.831
Gz (MPa) 179.4 Stz (MPa) 3.52 1.96 % G1z2(GPa) 3.133
Gor (MPa) 2.76 Scr (MPa) 034 12.5% Gz (GPa) 7.831

Two cases of sandwich composites were simulated: (a) 36 in high
and 36 in width sandwich composite panel with fixed all-around boundary
condition, and (b) 52 in high and 34 in wide sandwich composite panel
simply supported at two ends and free at other two ends. Schematic of these
cases are shown in Figure 7. In the first case, 1040 eight-node brick elements
were used to build the core and 10400 shell elements were used to build ten
layers of skin. In the second case, 1040 eight-node brick elements were used
to build the foam core and 10400 eight-node brick elements were used to
build ten layers of skin. A 5 1b, 10 b, 20 Ib, or 50 Ib charge of TNT
explosive was placed at a fixed distance of 3 m from the face of the panel
and detonated. Lagrangian formulation was used for the solid model and
Eulerian formulation was used for the fluid simulation. Orthotropic equation
of state and elastic strength model was used for the skin and the foam. For
the air, ideal gas equation of state was used. Time history of midpoint
displacement and the incident pressure were recorded at a gauge point placed
at the center of the panel. Figures 8 and 9 show the recorded mid-point

Figure 7: Schematic of the

displacements and damage maps. AUTODYN models used.
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Figure 8: Time history of midpoint displacement for sandwich composites under different blast loads with
(a) simply-supported on top and bottom, and (b) fixed all-around boundary conditions
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(b)

Figure 9: AUTODYN simulation of damage region for E-glass / Tycor sandwich composite under 20lb
TNT@3m with (a) simply supported on top and bottom (front face at right and back face at left), and (b) fixed
all-around (front face at right and back face at left)

5. Nanoreinforcement Modification of Compeosites: (Dr. Larry Drzal, Michigan State University)

The goal is to develop a fundamental understanding of the interaction of graphite nanoplatelets with
macro reinforcing fibers and polymer matrices, and how these interactions affect the mechanical properties and
durability (fire, blast and environmental) of nanoparticle modified polymer composites. The objectives of of this
project are: (1) quantify the effect of nanoparticle concentration and dispersion a) around and between
individual reinforcing fibers (intralaminar) and b) between lamina in both unidirectional and woven fiber lamina
(interlaminar). (2) optimize the improvement in mechanical properties and durability of a carbon fiber (or glass
fiber) vinyl ester, nylon and polyurea matrix composite systems utilizing the addition of clay or exfoliated
graphite nanoplatelets.

The nanoparticles that have shown beneficial property improvement in the first year of this study has
been the exfoliated graphite. Research will be continued on brominated vinyl ester resin and polyurea matrix
systems. Both E-glass fibers and carbon fibers will be sized with exfoliated graphite nanoplatelets for
compatibility with these matrix systems in tow and woven mat form. Furthermore, 1 mil thick films containing
orientated graphite nanoplatelets will be prepared and laminated into composite panels through compression
molding to investigate fracture and energy absorption mechanisms and fire protection capability. The same
material with suitable modifications will also be inserted between lamina in unidirectional composite panels to
investigate their role as a composite toughening agent.

6. High- Strain Rate Testing/Analysis: (Dr. David Hui, University of New Orleans)

Split-Hopkinson Pressure Bar (SHPB) tests were performed on nanoclay and graphite platelet
reinforced vinyl ester specimens with a set-up consisting of striker bar, incident bar, and transmission bar, all
made of maraging steel with a diameter of 12.7 mm (0.5”). Length of striker, incident and transmission bar is
762 mm (30”), 1219.2 mm (48”) and 2438.4 mm (96”) long respectively. Circular specimen of dia. 9.9 mm
(0.39”) and thickness of 4.5 mm (0.18”) is sandwiched in between the incident bar and the transmission bar.
Strain gauges mounted on incident bar and transmission bar were used as signal indicators and the energy
absorbed by samples was computed from their outputs.
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Figure 10 shows the energy absorption of pure vinyl ester and nanocomposites at approximate strain
rates of 2500 and 3500 per second. It should be noted that data at 3500 per second for the 1.25% nanoclay/vinyl
ester specimen is not available at this time and more SHPB tests are in progress. Energy absorption is observed
to be increasing with increasing strain rates for pure vinyl ester as well as with 2.5 wt. percent graphite platelet
and nanoclay reinforcement. In SHPB testing, the energy absorption showed an increase of 50% with increasing
strain rate for pure vinyl ester, while it reduced by 30% with addition of 1.25 wt. percent graphite platelets.
Reinforcement of 2.5 wt. percent nanoclay in vinyl ester showed a 30% increase in energy absorption for both
strain rates compared to pure vinyl ester. Further testing of samples with the SHPB apparatus is in progress.

Energy Absrobed (J)
24 OPure vinyi ester 01.25% nanoclay
B82.5% nanonlay 81.25% graphite platelet
20.0 82.5% graphite platelet

@2500/sec @3500/sec
Type of specimen

Figure 10. Energy absorption at 2500 and 3500 per second strain rates from SHPB testing of pure vinyl
ester, and with nanoclay and graphite platelet reinforcement.

7. VARTM Fabrication of Sandwich Composites and Ballistic Characterization:
(Dr. Uday Vaidya, University of Alabama - Birmingham)

For this project UAB has fabricated large 8 ft x 4ft sandwich panels representative of ship structures
using the vacuum assisted resin transfer molding (VARTM) process. In VARTM, single-sided flat plate tooling
is adopted in conjunction with vacuum and infusion lines. The preform (i.e. fabric facesheet layers and the core)
are encapsulated in a vacuum bag. Resin is infused with the aid of vacuum until full wet-out of the facesheets
occurs. The sandwich panels utilized 5 layers for each facesheet made of E-glass fabric facesheets of a
combination of plain weave [0/90] and [+/-45] angle ply architecture. Specifically the lay-up for each facesheet
was as follows: E-glass fiber (90/0, 45/-45, 90/0, 45/-45, 90/0) and vinyl ester resin. The sandwich panel lay-up
was co-infused (simultaneous wet-out of the top and bottom facesheet) with low viscosity, room temperature
cure 510A-40 brominated vinyl ester resin system. Two 4ft x 8 ft sandwich panels with 2 “ thick Tycor, and one
panel each with balsa wood and PVC foam core, were fabricated. In all cases the areal density of the sandwich
panels is maintained as close to each other as possible.

Ballistic tests compared the damage initiated by ballistic events on three sandwich structures with
equivalent E-glass face sheets but with different core materials, namely Tycor, Balsa and Foam core. In order to
compare the role of the core material, it was decided that the ballistic event should fully penetrate the structure.
To this end NIJ level IIl was chosen as the threat level. Testing was conducted using a Universal Receiver
equipped with a barrel to launch 0.30 caliber M80 ball round projectile(s). Projectiles were loaded to meet NIJ
standard velocities for a level III impact. Other 0.30 caliber projectiles were manufactured to impact at lower
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velocities in an attempt to determine the velocity threshold at which core differences would be realized,

however the projectiles could not be ‘loaded down’ to a safe level to establish this threshold.

Table 2: Results of N1J level 111 ballistic tests on sandwich panels with different core materials.

E1B3VFP1 E1P2VEP1 E1T1VDP1
[ E-glass / Balsa Sandwich] [ E-glass /PVC Sandwich] | E-glass /Tycor Sandwich]
Shot | Striking Velocity Residual Striking Residual Striking Residual
ID ft/s (m/s) Velocity Velocity Velocity Velocity Velocity
ft/s (m/s) ft/s (m/s) f/s (m/s) ft/s (m/s) ft/s (m/s)
1 2919 (890) 2871 (875) 2935 (895) 2927 (892) 2925 (892) 2443 (745)
2 - 2897 (883) 2950 (899) 2865 (873) 2898 (883) -
3 2911 (887) 2890 (881) 2961 (903) - 2969 (905) -
4 2888 (880) 2843 (867) 2970 (905) - 3007 (917) -
5 2951 (899) S 2978 (908) 5 2948 (899) -
6 2885 (879) -

Shot locations (Front view)

Shot locations (Front view)

Shot locations (Front view)

Figure 11. Front, back, and side views of the E-glass / Tycor sandwich panel after projectile penetration.

Results of the ballistic tests conducted on all sandwich samples are shown in Table 2. The measurement
of exit velocities from PVC foam and Tycor core sandwich panels was limited in most cases, due to extensive
debris resulting from dislodged core particles. These cores, when damaged at high impact velocities, break up
into very fine particles, and particles exit the panel. The exit of a large number of these particles passes through
the exit chronographs and causes them to default. This has been observed in previous tests using brittle core
materials as well. However comparing the damage zones on the back face (exit side) of the panels, the PVC had
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very minimal damage on the exit face implying that the least amount of energy has been absorbed. The balsa
core engages the projectile to a higher degree and hence higher interaction between the core and the face sheets.
The back face damage is larger compared to the PVC core panel. The Tycor foam core provides the most
interaction (Figure 11), if the projectile strikes at the intersection of a web i.e. the stiffening elements of the
core. The damage zone size reduces if the projectile strikes one (either x or y) element of the core. If the
projectile strikes between the stiffening elements of the core, the damage on the back face is very similar to the
PVC foam core. Further evaluation of the tested panels need to be conducted for more conclusive analysis, for
example tap testing, cross section microscopy, etc. Also post-mortem studies will evaluate effects of damage
interaction from multisite impacts and their effect on residual strength of the sandwich panels.

8. Fly Ash Based Eco-core Structural Foams: (Dr. Kunigal Shivakumar, North Carolina A&T)

The current manufacturing capability of Eco-core is restricted to panel sizes of 6 x 6 x 1 in and 12 x 12x
1 in. Northrop Grumman Ship System suggested that they use 2 in thick cores in their ship structures
application. Accordingly, the eco-core process was scaled-up to manufacture 2 in thick panels. Processability of
different fibers such as chopped and milled from different vendors namely Johns Maniville, Owens Corning,
Fibertech, PPG was evaluated. Based on this study 4.5% weight of JM3 (Johns Maniville) and OC2 (Owens
Corning) were chosen as reinforcement for baseline eco-core. Six panels each of baseline (no fiber), JM3
reinforced, and OC2 reinforced eco-core were fabricated and shipped to University of Mississippi. Panel size
was 14 x 14 x 2 in as molded and trimmed to 12 x 12 x 2 in. Separately, 1/2 in thick panels were made and
characterized for compression, tension, shear, flexure and fracture properties. Table 3 lists the average value
with standard deviation based on five tested samples.

Table 3. Mechanical Properties of Eco-cores
Property Baseline Eco-Core - JM3 Eco-Core - OC2
4.5 wt.% 4.5 wt.%
Density, g/cc 0.53 (0.02*) 0.52 (0.02) 0.52 (0.01)
Compression
Strength, F_, psi| 3,169 (193) 2,177 (159) 2,544 (320)
Modulus, E,, msil  0.17 (0.02) 0.16 (0.01) 0.12 (0.02)
Tension
Strength, F,, psi| 756 (94) 881 (48) 1,152 (211)
Modulus, E,, msi|  0.38 (0.01) 0.37(0.02) 0.40 (0.04)
Shear
Strength, F, psi| 740 (59) 777 (56) 678 (116)
Flexural
Strength, Fy, psil 1,665 (129) 1,145 (191) 1,433 (136)
Modulus, Ey, msif  0.42 (0.02) 0.35 (0.03) 0.39 (0.02)
s:::,'jz" toughness, Kio | 201 36) 419 (92) 2925 (8)
*Standard deviation Note: Based on 1/2" thick panel test
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TRANSITIONS

These research investigations have been leveraged with a concurrent grant: Nano-Particle Reinforced
Composites for Critical Infrastructure Protection, from the Department of Homeland Security - Southeast
Region Research Initiative (DHS-SERRI). Northrop Grumman Ship Building (NGSB) - Advanced Capabilities
Group (ACG) facilitated this research effort on development of advanced ship panel concepts. Webcore
Technologies Inc., a small-scale industry in Dayton, OH worked closely with University of Mississippi to
develop affordable and durable TYCOR® composite sandwich panels for ship structural applications. TYCOR®
is currently being used in several military and commercial applications including refrigerated cargo floor for
Navy cargo ships, Air Force tactical shelters, Air Force runway matting, vehicular bridge decks, railcar floors
and wind turbine blades.

NAVY RELEVANCE

Producing stronger, safer and more cost-effective platforms for the new generation naval ships requires
innovative designs, new materials, and affordable/efficient processing and characterization technologies. This
research will advance the development of blast/shock/impact resistant composites for navy ship structural
applications; to achieve better mobility, survivability, stealth, safety, and at lower cost.
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2009 ONR Solid Mechanics Program Review: Marine Composites and Sandwich Structures

BLAST AND IMPACT RESISTANT COMPOSITE STRUCTURES FOR NAVY SHIPS

P. Raju Mantena, Alexander H.D. Cheng, Ahmed Al-Ostaz and A.M. Rajendran
Composite Structures and Nano-Engineering Research '
The University of Mississippi

OBJECTIVE

Develop stronger, safer and more cost-effective structures for the new generation naval ships; especially
nanoparticle reinforced glass/carbon polymeric based composites and structural foams for blast, shock and
impact mitigation.

TECHNICAL APPROACH

Focus of research is on marine composite structures; particularly lightweight glass/carbon polymeric
based composites, and innovative concepts for the mitigation of blast, shock and impact effects. Sandwich
composites with balsa and foam cores are presently being featured in number of navy applications such as in
surface ship deck structures, radar mast and boat hulls. In our work, other new and emerging cores including
TYCOR® (an engineered three-dimensional fiber reinforced damage tolerant core) and the fire resistant
Eco-Core® are also being explored in sandwich constructions.

Technical approach includes researching low-cost fire resistant nanoclay and exfoliated graphite
platelet reinforced glass and carbon polymeric based composites with fly ash and 3-D fiber reinforced foams;
investigating their response to low-velocity impact, ballistic, shock and blast loads; dynamic mechanical
analysis for modulus, damping, creep and stress relaxation; developing constitutive models and computer
simulations; accelerated testing for long-term durability; and evaluating their radar-absorbing and EM-shielding
characteristics for improved stealth and safety.

RECENT ACCOMPLISHMENTS

During Year-1 of this project, several 4’ x 8’ x 2.25” thick sandwich composite panels made up of
0.125” thick E-glass (90/0, 45/-45, 90/0, 45/-45, 90/0) face skins with 2” thick TYCOR, PVC foam and balsa
cores and Dow 510A-40 brominated vinyl ester resin were designed and fabricated by the VARTM process.
Some of these large size panels were subjected to blast load waveforms and peak reflected pressures simulating
terrorist threats at the ERDC - Blast Load Simulator (BLS) facility in Vicksburg, MS. Smaller samples are also
being analyzed in shock tube, ballistic, and low-velocity tests. Results of preliminary investigations along with
molecular dynamics modeling and computer simulations are given in References 1 and 2. The Year II research
effort and accomplishments on blast loading of large sandwich composite panels; low velocity punch-shear
characteristics of nanocaly and graphite platelet reinforced vinyl ester, laminated face sheets and sandwich
composites; shock tube testing for design optimization; NDE and mechanical property characterization;
constitutive modeling and computer simulations are described in the following sections:

1) Blast Testing: Two large 4’ x 4’ panels were subjected to blast load waveforms and peak reflected pressures
simulating terrorist threats. Trial blast tests, simulating an approximate threat level of about 27,000 Ibs TNT at
184 feet, were conducted at the ERDC-Blast Load Simulator (BLS) facility in Vicksburg, MS. One 4’ x 4’ E-
glass/TYCOR sandwich panel, with all-sides bolted and subjected to about 80 psi peak pressure and 1000 psi-
ms impulse, was not breached and there were no visible signs of damage [1]. Another 4’ x 3’ E-glass/TYCOR
sandwich composite panel, bolted at top/bottom and two sides free, was subjected to 70 psi peak pressure and
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900 psi-ms impulse loading. As seen in Figure 1, this panel offered significant resistance to the blast load with
permanent deformation and only localized shear pullout damage at the bolt regions. Balsa and PVC foam core
sandwich composite panels with E-glass, Owens Corning HPG glass and T700 FOE treated carbon face sheets
are currently undergoing blast tests.

|

Figurel. E-glass/TYCOR sandwich composite panel bolted at top/bottom and two-sides free, after blast test.

2. Punch-shear Characteristics of Nanoparticle Reinforced Vinyl ester Plates, Laminated Face Sheets and
Sandwich Composites: Low velocity punch-shear response of nanoparticle reinforced vinyl ester plates,
laminated face sheets, and sandwich composites were analyzed on 4”x 4” square plate specimens with all
around fixed circular boundary condition and impacted by a hemispherical-head plunger with added mass.
Impact load, displacement and energy plots along with visual inspection of post-damage specimens depicted the
punch-shear characteristics of these composites. Test results show more than 10% improvement in impact
energy absorption with addition of 2.5 wt. pct. graphite platelets to pure vinyl ester (Figure 2). Maximum
improvement in energy absorption (about 40%) was observed with Owens Corning HP ShieldStrand® glass
fabric face sheets compared to the E-glass/vinyl ester (Figure 3).
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absorption than with TYCOR, Balsa wood and composites during low velocity punch-shear.
PVC foam cores [3].

3. Shock Response of Nanoclay and Graphite Platelet Reinforced Vinyl ester Nanocomposites: Shock tube
tests were conducted at Univeristy of Rhode Island (Dr. Arun Shukla) on nanoclay and graphite platelet
reinforced Derakane 411-350 (non-brominated) and S10A-40 (brominated) vinyl ester composite panels of
dimensions 254 mm x 101.6 mm x 9.9 mm (10” x 4” x 0.39”). The panels were held under simply supported
conditions and subjected to about 120 psi (827.4 kPa) peak pressure. Quasi-static and dynamic approaches were
adopted for analyzing the material response to shock loading [4]. Figure 5 shows the energy absorbed up to
failure for nanoclay and graphite platelet reinforced non-brominated 411-350 and brominated 510A-40 vinyl
ester resin systems at about 120 psi peak pressure shock loading. As can be observed, bromination while
significantly improving the shock resistance of pure vinyl ester has a deleterious effect, however, with the
addition of nanoclay and graphite platelets.
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Figure 5. Shock response of the nanoclay and graphite platelet reinforced non-brominated 411-350
and brominated 510A-40 vinyl ester resin systems.

4. Constitutive Modeling and Computer Simulations: The objective of this phase of study is to develop
computational-based design tools to optimize a wide range of materials for naval applications. For achieving
this goal, multi-scale modeling ranging from quantum to continuum, have been adopted [1].

Analysis of sandwich composite beams subjected to blast loading: The focus here is to develop
computationally-efficient models that can replicate with reasonable accuracy the experimental results of mid-
point deflections and failure mechanisms for sandwich composite beams subjected to air blast loading.
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Figure 9: Mid-point deflection of sandwich
composite beam with TYCOR core
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ANSYS AUTODYN, an explicit hydrocode that uses finite difference, finite volume, and finite element
techniques to solve a wide variety of non-linear dynamic problems in solids, fluids, gases, and their interactions,
was used to model and analyze the sandwich composite beams under blast loading. Three types of sandwich
composites were investigated in this research. Each sandwich composite was made of two faces and one core.
The faces were made of E-glass woven fibers with vinyl ester matrix and the core was made of three different
materials: TYCOR, Balsa and PVC. All specimens have the same 12” long and 4” wide dimensions, and similar
b.c. as used in the shock tube experiments. Each case was loaded with the same pressure time-history obtained
from shock tube experiments. AUTODYN analysis shows good agreement of midpoint-deflection (Figure 6)
with the experimental shock response data, especially in the elastic range, for sandwich composite beam made
with balsa core material. AUTODYN output of the deformed shape with balsa core is shown in Figure 7.

On the other hand, a large difference between experimental and numerical results was obtained in the
case of PVC core material (Figure 8). This can be attributed to using incorrect equation of state, strength or
failure models; and due to uncertainty of used material properties. These factors are currently under
investigation. Figure 9 shows the mid-point deflection for sandwich composite beam with TYCOR core
material. Good agreement between experimental and numerical results is achieved in the first part of the curve.
After that more deflection is noticed numerically at the same applied pressure. Ongoing research work includes:
modeling other core materials, obtaining iso-damage curves for range of pressure and impulse values, and
developing computational-based design charts.

Spall Crack Simulation Using Hybrid Lattice Particle Modeling (HLPM): Spall crack occurs inside
material body when a plate of material flyer impacts onto another plate at high speeds. Failure arises at the
interaction of tension and compression waves. It is a highly dynamic problem with fragmentation, and offers a
challenge to numerical models. Hybrid lattice particle modeling (HLPM) has been developed and adopted for
this study. The HLPM combines the strengths of conventional lattice theory and an originally developed particle
modeling (PM) technique. HLPM employs the interaction potentials of either linear (quadratic) or nonlinear
(Lennard-Jones or polynomial) type with the axial/angular spring linkage in a regular or irregular lattice system.
The defined spring constants are then mapped into the adopted lattice system, which are in turn matched with
the material’s continuum-level elastic moduli, strength and Poisson's ratio [6-9].

High performance scalable computing and simulations: A literature search is being performed to identify
constitutive/damage theories suitable for describing the dynamic response of cellular, foam and nanoparticle
based lightweight materials. Most models and theories are based on the quasi-static loading response of
advanced composites and strain rate effects on strength and damage evolution are not addressed. Our efforts are
focused on development of new models or the modification of existing models to accurately capture strain rate
effects on deformation and failure processes. The latest version of the DoD parallel Lagrangian code - EPIC has
been officially acquired from Army and installed on University of Mississippi computer platform. For baseline
computations, an existing mechanics based strength model will be implemented into the EPIC code to simulate
blast experiments on composite panels for Navy applications. A PhD student (female American citizen) has
been specifically recruited to accomplish this task.

Other ongoing research by University of Mississippi investigators include: effects of geometric and
simulation parameters on the elastic moduli of multi-walled carbon nanotubes using molecular dynamics
approach [10]; a first-principles estimation of the shock response of nanoreinforced composite materials [11];
creep and stress relaxation modeling [12] and the effects of bromination on viscoelastic response [13] of
nanoclay and graphite platelet reinforced vinyl ester; determination of power law attenuation coeﬂ'lc1ents [14]
and the electromagnetic characteristics [15, 16] of carbon nanotubes.
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5. Shock Tube Pressure Tests: (Dr. Dahsin Liu, Michigan State University)

Smaller beam specimens cut from the larger sandwich composite panels were subjected to high-
pressure shock tube testing in a simply- supported condition. The specimens were trimmed to 12” long and 4”
wide. During the shock testing, each specimen was simply-supported with 8.5”span. Three types of sandwich
composites were investigated. Each simply-supported specimen was loaded with a pressure wave at the center
of its 8.5” span. The pressure wave had a diameter of 3.15” and maximum pressure around 1.35 ksi. Besides
pressure, the deformation history of composite specimens was also important to determine their resistance and
energy absorption characteristics. A high-speed movie camera was used to record the images of specimen
deformation along with an innovative finger sensor technique for acquiring quantitative measurements. The
high-speed movie camera (4k frames/second) at an oblique angle from the specimen surface could measure the
deformation and damage processes of composite specimens up to some extent.

Prassure (psi) L
-sysaEsasafdl

0 8 10 18 M % W ¥ O & N K 0O 6 X
Displacernert (mm)

.asssesansiid

Pramre )

1\ 18 20 38 30 3 4 4 0 S W & TO
Displacement (mm)

0 & 10 5 20 28 0 B 4 44 W 5 0 @
Displacement (mm)

(c) E-glass / PVC sandwich composite beam specimen

Figure 10. Photographs of (a) TYCOR, (b) balsa, and (c) PVC core sandwich composite beams after
shock loading along with their pressure-displacement histories obtained from finger sensors

The 16-pin finger sensor installed behind the back side of each specimen could measure the specimen
deformation when the fingers contacted the specimens. Figure 10 shows photographs of the TYCOR, balsa, and
PVC core sandwich composite beams after shock loading along with their pressure-displacement histories
obtained from finger sensors. Representative energy absorption for each sandwich composite beam, within the
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0.5” circumference enclosed by finger sensors, was approximated by integrating the area under these curves.
They are about 49 J for Tycor, 44 J for Balsa and 46 J for the PVC foam (up to 52 mm displacement). The
energy absorption is highest for TYCOR due likely to its rigidity from the reinforcing webs. Both TYCOR and
balsa appeared to have more internal damage compared to the PVC.

6. Optimizing TYCOR® Panel Design for Improved Blast Resistance:
(Dr. Rob Banerjee and Dr. Elias Tobia, WebCore Technologies)

The improvement of dynamic resistance and energy dissipation of sandwich structures using TYCOR as an
engineered core is one of the goals of this naval research program. This phase, targets the experimental
performance of using TYCOR core to design a lightweight and volumetrically-efficient composite structure
with multifunctional structural load carrying and mitigation capability to absorb and dissipate the high energy
impact induced by blast impulses. The effect of structural core layout is being assessed and studied. A series of
physical and mechanical tests were performed and evaluated. The Table in Figure 11 shows strength benchmark
data of TYCOR sandwich composite panel that was blast tested at ERDC with the top/bottom fixed and other
two sides free b.c (see Figure 1).
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Figure 11: Core compression test of ductile vs. brittle TYCOR panel

The next generation blast-resistant panel will use WebCore’s innovative 3-D design architecture and
stitching technology with advanced materials including energy-absorbing viscoelastic foams. Figure 11 also
shows the effect of highly ductile panel with a light weight unidirectional design controlling the collapse mode.
The next candidate panel will have continuous unidirectional webs along the main span with transverse
stitching. The unidirectional webs resist the plastic deformation in the core at the initial stage of loading, while
the transverse stitching offers high compressibility characteristics intended to mitigate the remaining high
dynamic loads. This core crushing capability will play an efficient role to maintain a larger face sheet separation
at a certain stage under blast, and therefore, a higher bend resistance. This behavior can be achieved by refining
the web weight, while using a highly ductile foam (such as ZOTEK foam) to engage the face sheet stretching
contribution for energy absorption.

7. NDE, Mechanical Property Characterization, and Burn-through Fire Tests of Eco-Core:
(Dr. Uday Vaidya and Dr. Selvum Pillay, University of Alabama - Birmingham)

UAB supported the University of Mississippi under a sub-contract effort in 2008-2009 Year II period. During
Year 1, various panels suggested by Ole Miss have been fabricated via VARTM and delivered as needed. This
progress briefing summarizes three sub-tasks; (a) NDE tap tests of blast panels; (b) Mechanical property
characterization of laminate face sheets; and (c) Burn-through fire testing of Eco-Core sandwich panels.
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Nondestructive tap testing to assess blast damage: Laminated face sheets and sandwich composite panels
with E-glass vinyl ester and nanographene platelets, Owens Corning HPG glass, T700 FOE treated carbon face
sheets have been evaluated by tap testing non-destructive evaluation (NDE). The blast exposed and
corresponding control panels have been evaluated. After a thorough study of the panels it was determined that
there are obvious effects of blast loading. The pulse width was almost constant across the panel for the control
panels. The blast panel readings show increase in pulse width indicative of through thickness damage. The pulse
width increased by 6.76% for E-glass/VE with nanographene panel, 1.26% for the HPG/VE, 6.2% for the T700
carbon/VE laminated facesheets. For the E-glass/'VE sandwich panels there was 32.8% on blast side, and
28.7% from opposite to blast side. These studies provide a means of quantifying blast damage in various panels
non-destructively. The higher values of blast tested sandwich panels are more related to the interface damage
between face sheets and core, which was extensive under blast.

Mechanical Property Characterization Studies: The face sheet constituents namely E-glass/VE, E-glass/VE
with nanographene platelets, Owens Comong HPG-glass/VE and T700 carbon/VE were characterized to
generate the mechanical properties for these materials. These data sets will be used as input by Ole Miss in
their modeling studies. Standard ASTM tests were adopted in generating the tensile and inter-laminar shear data
on these materials. Shear, tension and Poisson’s ratio tests were conducted on E-Glass (GVE), HPG glass
(GHVE), and FOE Carbon (CVE). 5 layers were infused with vinyl ester (VE) resin. The average thickness was
2.70 mm for carbon CVE, 2.73 mm for GHVE, and 3.30 mm for GVE. The nanographene treated samples were
not tested because of the inadequate filament level wet-out. The processing issues are being addressed to
increase the filament level wet-out of the nanographene VE specimens. The E-glass/VE and Carbon/VE had
comparable response in shear. HPG glass is very compliant in the shear mode with high elongation
characteristics; hence it performs well in impact. The tension data indicates that HPG has significantly higher
strength than E-glass, with tensile modulus comparable to E-glass. The T700 FOE treated carbon performed as
expected - highest strength and modulus in tension.

Burn-Through Fire Testing of Eco-Core Sandwich Panels: Burn-through fire tests were conducted on 12” x
12” x 2.25” thick sandwich panels with E-glass/vinyl ester face skins bonded to the NC AT Eco-Core, both
without and with some JM3 and OC2 chopped glass fiber reinforcement mixed in the fly ash based core with
phenolic resin. Experimental conditions were set based on the David Taylor Research Center [DTRC] Burn-
Through Test, MIL-STD-2031(Navy adopted standard). It was observed that the maximum back face
temperature for Eco-Core specimens without chopped glass fiber reinforcement reached about 73 °C, where as
for those with chopped glass fibers it was between 68 °C to 77 °C. No significant mass loss, damage,
discoloration or delamination on back faces was observed.

8. Nanoreinforcement Modification of Composites: (Dr. Larry Drzal, Michigan State University)

The goal here is to develop a fundamental understanding of the interaction of graphite nanoplatelets with macro
reinforcing fibers and polymer matrices, and how these interactions affect the mechanical properties and
durability (fire, blast and environmental) of nanoparticle modified polymer composites. The objectives of this
project are:

i. To quantify the effect of nanoparticle concentration and dispersion (a) around and between individual
reinforcing fibers (intralaminar), and (b) between lamina in both unidirectional and woven fiber lamina
(interlaminar).

ii.To optimize the improvement in mechanical properties and durability of a carbon fiber (or glass fiber)
vinyl ester, nylon and polyurea matrix composite systems utilizing the addition of clay or exfoliated
graphite nanoplatelets.

Nanoparticles including nanoclay and nanographite reinforced bromated vinyl ester nanocomposite plates
were synthesized using an in-situ polymerization method. Nanographite reinforced flexible epoxy
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nanocomposites plates were synthesized by dispersion in epoxy and polymerized. Nanographite reinforced
epoxy nanocomposite coatings and nanographite reinforced polyurea/polyurethane nanocomposite coatings
were applied to the surface of building blocks with different amount of nanographite in the coating. Samples
were supplied to Ole Miss for further physical property tests and structural characterization.

The mechanical, thermal and electrical properties of nanographite reinforced flexible epoxy
nanocomposites plates were measured (Figure 12). It was found that nanographite increased the tensile modulus
of the reinforced epoxy nanocomposite, while the tensile strength of nanocomposites remained about the same
as the base resin. Elongation of nanographite reinforced flexible epoxy and the impact strength decreased with
increasing content of nanographite. Thermal conductivity of nanographite reinforced soft epoxy nanocomposite
increased with increasing content. The percolation threshold of nanographite reinforced flexible epoxy around 4
wt%. At a concentration of about 6 wt.% nanographite, the reinforced flexible epoxy nanocomposite samples
were semiconductive.
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Maleic anhydride (MA) was used to modify the surface of the nanographite by either coating or grafting
(-g-), which was then used to fabricate brominated vinyl ester nanocomposites (Figure 13). It was found that the
flexural modulus and flexural strength of the MA modified nanographite reinforced bromated vinyl ester
nanocomposites did not change compared to the regular nanographite reinforced vinyl ester nanocomposite.
However, the electrical conductivity decreased as a result of adding the MA modified nanographite as filler in
the brominated vinyl ester nanocomposites system. This indicates that the maleic anhydride acts as a blocking
agent preventing the nanographite particles from forming a conductive network and thereby reducing the
electrical conductivity.
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Figure 13. Physical Properties of Nanographite Reinforced Brominated Vinyl Ester Nanocomposites. A- Neat
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TRANSITIONS

These research investigations have been leveraged with a concurrent grant: Nano-Particle Reinforced
Composites for Critical Infrastructure Protection, from the Department of Homeland Security - Southeast
Region Research Initiative (DHS-SERRI). Northrop Grumman Ship Building (NGSB) Advanced Capabilities
Group is facilitating this research effort on development of advanced ship panel concepts. WebCore
Technologies Inc., a small-scale industry in Dayton, OH is working closely with University of Mississippi to
develop affordable and durable TYCOR® composite sandwich panels for navy ship structural applications.
TYCOR® is currently being used in several military and commercial applications including refrigerated cargo
floor for Navy cargo ships, Air Force tactical shelters, Air Force runway matting, vehicular bridge decks, railcar
floors and wind turbine blades.
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NAVY RELEVANCE

Producing stronger, safer and more cost-effective platforms for the new generation naval ships requires
innovative designs, new materials, and affordable/efficient processing and characterization technologies. This
research will advance the development of blast, shock and impact resistant composites for navy ship structural
applications; to achieve better mobility, survivability, stealth, safety, and at lower cost.

ACKNOWLEDGEMENT

This research was funded by ONR Grant # 00014-07-1-1010, Office of Naval Research, Solid
Mechanics Program (Dr. Yapa D.S. Rajapakse, Program Manager). Partial funding received under a subcontract
from the Department of Homeland Security sponsored Southeast Region Research Initiative (SERRI) at the
Department of Energy’s Oak Ridge National Laboratory, is also acknowledged. We would like to thank Dr.
Arun Shukla, University of Rhode Island for performing the shock tube tests on nanoclay and graphite platelet
reinforced vinyl ester specimens.

PUBLICATIONS (ONR-supported):

1) P. Raju Mantena, Alex Cheng and Ahmed Al-Ostaz “Blast and Impact Resistant Composite Structures for
Navy Ships” Proceedings of the 2008 ONR Solid Mechanics Program - Marine Composites and Sandwich
Structures, University of Maryland, Adelphi, MD, Sep 17-19, 2009, pp. 417-426.

2) P. Raju Mantena, Ahmed Al-Ostaz and Alexander H. D. Cheng “Dynamic Response and Simulations of
Nanoparticle-Enhanced Composites” Composites Science and Technology 69 (2009) 772-779.

3) Pramanik B., Mantena P.R. “Punch-shear Characteristics of Nanoclay and Graphite Platelet Reinforced Vinyl
Ester Plates, Laminated face sheets and Sandwich Composites under Low-Velocity Impact” ASME - Early
Career Technical Journal 2009 (in press) '

4) Gupta S., Mantena P.R., Al-Ostaz A., Mullen C. “Shock Response and Finite Element Modeling of
Nanoclay and Graphite Platelet Reinforced Vinyl Ester Nanocomposites” ASME - Early Career Technical
Journal 2009 (in press)

5) Swasti Gupta, P. Raju Mantena and Ahmed Al-Ostaz, “Dynamic Mechanical and Impact Property
Correlation of Nanoclay and Graphite Platelet Reinforced Vinyl Ester Nanocomposites” Journal of Reinforced
Plastics and Composites (in press).

6) G. Wang, A. Al-Ostaz, A.H.-D. Cheng and P.R. Mantena “Hybrid lattice particle modeling: Theoretical
considerations for a 2D elastic spring network for dynamic fracture simulations,” Conputational Materials
Science 44 (2009) 1126-1134.

7) G. Wang, A. Al-Ostaz, A. H.-D. Cheng, and P.R. Mantena, “A Macroscopic-Level Hybrid Lattice Particle
Modeling of Mode-I Crack Propagation in inelastic materials with varying ductility” International Journal of
Solids and Structures (revised).

8) Wang G, Al-Ostaz, Cheng, Mantena. P.R. “Hybrid Lattice Particle Modeling of Wave Propagation Induced
Fracture of Solids” Computer Methods in Applied Mechanics and Engineering (under review)

9) G. Wang, A. Al-Ostaz, A.H.-D. Cheng, and P. Raju Mantena “Particle Modeling of Dynamic Fracture
Simulations of a 2D Polymeric Material (nylon 6,6) Subject to the Impact of a Rigid Indenter” Computational
Materials Science 44 (2008) 449-463.

10) Hunain Al-Khateb, Ahmed Al-Ostaz, Raju Mantena and Alex Cheng “Geometric and Simulation Parameter
Effects on Elastic Moduli of Multi-Walled Carbon Nanotubes Using Molecular Dynamics Approach” Journal
of Materials Science (revised).

11) Weiping Xu and Elizabeth Ervin “First Principles Estimation of the Shock Response of Nanoreinforced
Composite Materials” Journal of Structural Health Monitoring (under review)

12) Ahmad Almagableh, P. Raju Mantena, and Ahmed Al-Ostaz, “Creep and Stress Relaxation Modeling of
Nanoclay and Graphite Platelet Reinforced Vinyl ester Nanocomposites,” Journal of Applied Polymer Science
(accepted).

33




13) Ahmad Almagableh, P. Raju Mantena, and Ahmed Al-Ostaz, “Effect of Bromination on the Viscoelastic
Response of Vinyl ester Nanocomposites,” eXPRESS Polymer Letters (revised).

14) Mobley J., Mack R.A., Gladden J.R. and Mantena, P.R. “Determination of Power Law Attenuation
Coefficient and Dispersion Spectra in Multi-wall Carbon Nanotube Composites Using Kramers-Kronig
Relations” Journal of Acoustical Society America 126 (1), pp. 92-97, July 2009.

15) SM. Mikki and A.A. Kishk “A Symmetry-Based Formalism for the Electrodynamics of Nanotubes”

Progress in Electromagnetics Research, PIER 86, 111-134, 2008.

© 16) S.M. Mikki and A.A. Kishk “Derivation of the Carbon Nanotube Susceptibility Tensor Using Lattice
Dynamics Formalism” Progress in Electromagnetics Research B, vol. 9, 1-26, 2008

34




2010 ONR Solid Mechanics Program Review: Marine Compeosites and Sandwich Structures

BLAST AND IMPACT RESISTANT COMPOSITE STRUCTURES FOR NAVY SHIPS

P. Raju Mantena, A.M. Rajendran and Ahmed Al-Ostaz
Composite Structures and Nano-Engineering Research
The University of Mississippi

OBJECTIVE: Develop stronger, safer and more cost-effective structures for the new generation naval ships;
especially nanoparticle reinforced glass/carbon polymeric based composites and structural foams for blast, shock
and impact mitigation.

TECHNICAL APPROACH: Focus of research is on marine composite structures; particularly lightweight
glass/carbon polymeric based composites and innovative concepts for the mitigation of blast, shock and impact
effects. Sandwich composites with balsa and foam cores are presently being featured in number of navy
applications such as in surface ship deck structures, radar mast and boat hulls. In our work, other new and
emerging cores including TYCOR® (an engineered three-dimensional fiber reinforced damage tolerant core) and
the fire resistant fly ash based Eco-Core® are also being explored in sandwich constructions. Technical
approach includes researching low-cost fire resistant nanoclay and exfoliated graphite platelet reinforced glass
and carbon polymeric based composites with fly ash and 3-D fiber reinforced foams; investigating their
response to low-velocity impact, ballistic, shock and blast loads; dynamic mechanical analysis for modulus,
damping, creep and stress relaxation; developing constitutive models and computer simulations; accelerated
testing for long-term durability; and evaluating their radar-absorbing and EM-shielding characteristics for
improved stealth and safety.

SUMMARY OF RECENT ACCOMPLISHMENTS

b

Shock Tube Apparatus Split-Hopkinson (tension.and compression) Pressure Bars

e Shock Tube and Split-Hopkinson Pressure Bar (tension and compression) test facilities have been
commissioned at the University of Mississippi, for the high-strain rate evaluation of nano-reinforced
panels and sandwich composites.

e Researched new and emerging cores including low cost fire resistant fly ash based Eco-Core® and
TYCOR® (an engineered three-dimensional fiber reinforced damage tolerant core); woven carbon and
high-elongation HPG glass face skins in sandwich constructions.
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¢ Glass and Carbon sandwich composite panels with balsa, PVC foam and TYCOR® cores fabricated as
per Northrop Grumman Ship Building design specs were subjected to blast loads simulating
approximate threat levels of ~ 2000 1bs of TNT, at the ERDC-Blast Load Simulator (BLS) facility.

o Effects of bromination (for improved fire resistance) on the viscoelastic response of vinyl ester
nanocomposites characterized and creep / stress relaxation.

e Low velocity punch-shear and high-strain rate characteristics of nanoclay and graphite platelet
reinforced vinyl ester panels.

o Shock tube analysis of sandwich composites, and Eco-Core panel as sacrificial protection explored.

e Modeling and high-performance scalable computing for simulating the response of composite panels
subjected to high energy blast loads.

TECHNICAL DETAILS

1. Introduction: Several 4’ x 4’ x 2.25” thick sandwich composite panels made up of 0.125” thick E-glass,
T700 FOE treated woven carbon and Owens Corning HPG glass face skins with 2” thick TYCOR, PVC foam
and balsa cores were designed (as per Northrop Grumman Ship Building specs) and fabricated with Dow 510A-
40 brominated vinyl ester resin by the VARTM process (more details in Section 8). Some of the large size
panels were subjected to blast load waveforms and peak reflected pressures simulating terrorist threats at the
ERDC - Blast Load Simulator (BLS) facility in Vicksburg, MS. Smaller samples were also analyzed in shock
tube, ballistic and low-velocity impact tests. Results of previous investigations along with molecular dynamics
modeling and computer simulations are given in References 1-3. Year II research efforts on the design,
fabrication and blast loading of large sandwich composite panels; low velocity punch-shear and high-strain rate
characteristics of nanoclay and graphite platelet reinforced vinyl ester; shock tube testing for design
optimization; Eco-Core as sacrificial panel for blast mitigation; constitutive modeling and computer simulations
are described in the following sections:

INPULSE, PSI. MSEC

Figure 1. Sandwich composite panel bolted at top/bottom and two-sides free undergoing blast test of 16-18 psi
peak pressure and 200 psi-ms impulse (equivalent to 2000 Ibs of TNT at 140 feet).

2. Blast Loading: Trial blast tests, simulating an approximate threat level of about 27,000 lbs TNT at 184 feet,
were conducted previously at the ERDC-Blast Load Simulator (BLS) facility in Vicksburg, MS. One 4’ x 4’ E-
glass/TYCOR sandwich panel, with all-sides bolted and subjected to about 80 psi peak pressure and 1000 psi-
ms impulse, was not breached and there were no visible signs of damage [2]. Another 4’ x 3’ E-glass/TYCOR
sandwich composite panel, bolted at top/bottom and two sides free, was subjected to 70 psi peak pressure and
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900 psi-ms impulse loading. This panel offered significant resistance to the blast load with permanent
deformation and localized shear pullout damage at the bolt regions [3]. This year, six large 4’ x 4’ x 2.25” thick
panels with Balsa, PVC, TYCOR foam cores and E-glass and T700 FOE treated carbon face sheets were
subjected to blast load waveforms of 16-18 psi peak pressures and 200 psi-ms impulse (Figure 1), which
represents an approximate threat level of 2000 lbs of TNT at 140 feet. The blast tested panels underwent 0.5 to
1.5 inches of mid-point deflection, with no visible signs of external damage. The blast response data is currently
being analyzed.

3. Punch-shear Characteristics of Nanoparticle Reinforced Vinyl ester Plates: Low velocity (3 m/s) punch-
shear response of nanoparticle reinforced vinyl ester plates, laminated face sheets, and sandwich composites
were analyzed on 4”x 4” square plate specimens [4] with all around fixed circular boundary condition and
impacted by a hemispherical-head plunger with added mass (ASTM D3763). Impact load, displacement and
absorbed energy (Figure 2) along with visual inspection of post-damage specimens depicted the punch-shear
failure characteristics (Figure 3) of these nanoclay and graphite platelet reinforced vinyl ester panels.

Total energy (NTAD) absorption of brominated vinyl ester

0.9

Energy (J-mzlkg)

0.6

03

DTN H |
0.0 -
Pure 125wt%  25wt% 125wt%  25wt%
graphite graphite  graphite+  graphite+
10wt.% 10wt.%
CTBN CTBN

Figure 2. Total energy absorbed by vinyl ester nanocomposites under low velocity punch-shear.

Nanoparticle reinforced vinyl ester panels showed about 10% improvement in impact energy absorption
with the addition of 2.5 wt% graphite platelets to brominated vinyl ester. Addition of 10 wt% CTBN (carboxy
terminated butadiene nitrile rubber, see Section 9 for more details) to the 1.25 wt% graphite showed an
improvement in punch-shear energy absorption, but was not useful in case of the 2.5 wt% graphite brominated
vinyl ester.

(i) (ii) (iii)

(iv) (v)
Figure 3. Back face fracture surfaces of nanoparticle reinforced brominated 510A-40 vinyl ester composite
panels after drop weight punch-shear testing (i) brominated vinyl ester, (ii) 1.25 wt% nanoclay, (iii) 2.5 wt%
nanoclay, (iv) 1.25 wt% graphite, and (v) 2.5 wt% graphite.
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4. Constitutive Modeling and Computer Simulations: The objective of this phase of study is to develop
computational-based design tools to optimize a wide range of materials for naval applications.

Analysis of sandwich composite beams subjected to shock loading: Focus here is to develop
computationally-efficient models that can replicate with reasonable accuracy the experimental results of mid-
point deflections and failure mechanisms for sandwich composite beams subjected to shock loading. ANSYS
AUTODYN, an explicit hydrocode that uses finite difference, finite volume, and finite element techniques to
solve a wide variety of non-linear dynamic problems in solids, fluids, gases, and their interactions, was used to
model and analyze the sandwich composite beams under shock loading. Three types of sandwich composites
were investigated. Each sandwich composite was made of two faces and one core. The faces were made of E-
glass woven fibers with vinyl ester matrix and the core was made of three different materials: TYCOR, Balsa
and PVC. All specimens have the same 12” long and 4” wide dimensions, similar b.c. and loaded with the same
pressure time-history obtained from shock tube experiments. A large difference between experimental and
numerical results was obtained initially in the case of PVC core material, which was attributed to using
incorrect equation of state, strength or failure models and due to uncertainty of used material properties [3].
These factors have been resolved and AUTODYN analysis showed good agreement of the midpoint-deflection
with experimental shock response data, as shown in Figure 4.

Experimental ~ AUTODYN Simulation

PVC-Core

Balsa-Core

TYCOR-Core

Figure 4. Failure shapes obtained experimentally and numerically for the case of sandwich composite
beams under shock loading.

High performance scalable computing and simulations: Blast response of a vinyl ester plate was simulated
using the DoD Lagrangian code EPIC acquired from the government. In preliminary modeling efforts, a circular
plate with a time dependent surface pressure loading conditions was assumed. This assumption allows
calculations using a two-dimensional axi-symmetric configuration. EPIC simulations considered a surface
pressure-time history applied in a circular region. Results using a library constitutive model for the vinyl ester
showed elastic deformation only. Further analysis indicated that the applied pressures were relatively very low
when compared with the yield stress of pure vinyl ester. To capture the boundary conditions effect more
accurately, EPIC simulations of a 3-D square plate with clamped edges were performed. The effective and
volumetric strain levels in the plate were much lower than the failure measured strains in both quasi-static and
split Hopkinson bar experiments. Based on these preliminary simulation results, it is speculated that in blast
experiments the failure of vinyl ester plate is controlled by fracture mechanics rather than the strain to failure
type criterion.

Unfortunately, most design codes employ Johnson-Cook type strength model and “effective plastic
strain” based fracture model to describe most materials. Based on our current computational analysis, it is
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concluded that a continuum damage mechanics (CDM) based constitutive model with “fracture mechanics”
controlled parameters will be necessary to predict the vinyl ester plate failure under blast loading. The current
modeling effort now is focused on identifying a CDM model with microcracks controlled failure criterion. An
internal state variable based damage model that would explicitly consider a crack density evolution law to
describe progressive damage in composite panels under blast loading is being developed.

Other ongoing research at University of Mississippi: modeling different core materials and face skins to
obtain iso-damage P-I curves for developing computational-based design charts; creep and stress relaxation
modeling [5]; effects of bromination on viscoelastic response [6]; finite element simulations of nanoclay and
graphite platelet reinforced vinyl ester panels under shock and quasi-static flexural loading [7].

5. Eco-Core as Sacrificial Panel for Shock Mitigation of Composite Structures:
(Dr. Kunigal Shivakumar, North Carolina A&T State University)

High strain rate studies have shown that Eco-Core has significant energy absorption capability
primarily because of the large amount of crushing strain. Both material porosity and hollowness of cenosphere
contributes to this phenomenon. An experimental investigation to understand how an Eco-Core panel protects a
composite primary structure under a blast condition was explored.

20,000 [

15,000

Strain, -
pe 10,000

~
ST12

5,000 [
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Figure 5. Strain vs. Time response of 1/4” thick (0/90)s glass/vinyl ester base panel with one-half inch
thick Eco-Core and polyurea coated Eco-Core.

Strain and damage response of composite panel with and without Eco-Core bonded on the blast face
were compared. Test cases consisted of: base 1/4 in thick FGI 1854 glass/Derakane vinyl ester (0/90), panel and
base panels faced Eco-Core panel. The Eco-Core panels included in the test study were: 1-in thick, 1/2-in thick,
and 1/2-in thick Eco-Core face coated with a thin layer of polyurea. Tests were conducted at about 3,500 psi
static chamber pressure at the Michigan State University (Dr. Dahsin Liu) shock tube test facility. Figure 5
shows the strain-time response at back-center of the composite panel for the four test cases considered. Several
items to be noted are: peak strain, strain rate rise and strain decay after the peak strain. Peak strain was high for
base panel and decreased to a lowest value for a panel with 1/2-in Eco-Core and surface coated with polyurea.
Strain rise rate also decreased from base panel case to coated ones. Summary of these results indicate that Eco-
Core as a sacrificial panel indeed has shock mitigation property, which is further enhanced by adding a thin
polyurea coating. An exhaustive study is needed to further qualify the results and optimize the design.
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6. Shock Tube Pressure Tests: (Dr. Dahsin Liu, Michigan State University)

Smaller 12” long and 4” wide beam specimens cut from the larger sandwich composite panels were
subjected to high-pressure shock tube testing in a simply-supported condition. Six types of sandwich
composites were investigated. Each simply-supported specimen was loaded with a 3.5” pressure wave at the
center of its 8” span and about 1.2 ksi maximum generated pressure. A unique 20-pin finger sensor installed
behind the back side of each specimen measured the out-of-plane deformations when fingers made contact with
the center of non-loading surface. Figure 6 shows the failure mechanisms and energy absorption of TYCOR and
balsa core sandwich composite beams with E-glass and T700 carbon face sheets after the shock loading, along
with pressure-displacement histories obtained from finger sensors. The other sandwich beam configurations are
currently undergoing shock tests.

Pe

(¢) Five Ply T700 Carbon / Balsa sandwich composite beam.

Figure 6. (a) E-glass / 158C4 stitched TYCOR?®, (b) E-glass / Balsa, and (c) T700 Carbon / Balsa sandwich
composite beams after the shock loading along with pressure-displacement histories.

7. Optimizing TYCOR® Panel Design for Improved Blast Resistance:
(Dr. Rob Banerjee and Dr. Elias Toubia, WebCore Technologies)

The improvement of dynamic resistance and energy dissipation of sandwich structures using TYCOR

as an engineered core is one of the main goals. This research, targets the experimental performance of using
TYCOR Core to design a lightweight and volumetrically-efficient composite structure with multifunctional
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structural load carrying and mitigation capability to absorb and dissipate the high energy impact induced by

blast impulses.

158C4

Core Strength Properties 158C4 | 158C1 Grid | TestMethod
Stched | Unidirectional | TYCOR
TYCOR TYCOR Tested
Predicted Predicted | (Vicksburg,
2008)
C, (psi) Compression strength 900 5680 999 | ASTMC 365
E, (psi) Modulus 43000 35000 70459
T, {psi) Tension strength 34 15 385 | ASTMC 297
E; (psi) Modulus - . 8811
S, (psi) Shear strength 310 30 525 | ASTMC 213
Gy {psi) Shear moduius 31000 31000 25295
S (psi) Shear strength 330 34 435 | ASTMC 273
Gy (psi) Shear modulus 33000 400 24750

Figure 7. (a) 158C4 stitched TYCOR® core with foam removed to show the web architecture, and (b) core
strength properties of the TYCOR® panels designed for blast mitigation.

The blast-resistant panels manufactured under this phase use WebCore’s innovative 3-D design
architecture and stitching technology with advanced materials including energy-absorbing foams. Figure 7
shows the stitching patterns of a light weight unidirectional design. This panel has continuous unidirectional
webs along the main span with transverse stitching. The unidirectional webs resist the plastic deformation in the
core at the initial stage of loading, while the transverse stitching offers high compressibility characteristics
intended to mitigate the remaining high dynamic loads. Table also shows the predicted and tested core strength
for all versions of manufactured panels.

8. Fabrication of large size sandwich composite panels by VARTM:
(Dr. Uday Vaidya and Dr. Selvum Pillay, University of Alabama - Birmingham)

Overall objectives of UAB in this phase was to fabricate large (4’ x 4’ and/or 8 x 4’) scale navy
relevant sandwich composites with balsa, PVC foam, stitched polyurethane with glass and carbon / vinyl ester
facesheets for blast, shock, ballistic and impact characterization.

Technical approach implemented the Vacuum Assisted Resin Transfer Molding (VARTM) process
with sequential co-infusion to fabricate large 4’ x 4’ or 4’ x 8’ laminated and sandwich panels. The fabrication
work was undertaken in two stages: first, UAB procured materials and fabricated a set of sandwich panels.
Following discussions with John Sullivan at Northrop Grumman Ship Building (NGSB), it was decided to use
the Kits supplied by NGSB for maintaining the same material as the navy is presently using. Kits were received
from NGSB that included the core materials, the carbon and glass fabrics and supplies needed for fabricating
these panels. A total of 6 variants (two 4” x 4’ for each variant) were processed with varying face sheet material,
core, and stacking sequence. Table 1 lists all the variants and constituent materials with details on phase sheet
stacking sequence. Innovative aspects of this work include the cost-effective production of large sandwich
panels for ship deck type structures. The work on carbon fiber sandwiches is entirely new and of high interest to
the Navy. Physical phenomena of the synergistic role of new materials and material combinations will help
create efficient and durable structures for the navy.

41




Table 1: Sandwich composite panels with varying core/face sheet materials fabricated by VARTM.

Face Sheet Number of

Material Core Layess Face sheet Stacking Sequence
1 E-Glass WebCore 5 [0/90]/45/[0/90}/45/[0/90]
2 E-Glass Balsa 5 [0/90)/45/[0/90]/45/[0/90]
3 | OWSCOMIE | palsa 5 [0/90)/45/[0/90145/[0/90]
4 Carbon Balsa 5 [0/90)/45/[0/90)/45/[0/90]
5 Carbon Balsa 8 [0/90)/45/{0/90]/45/45/{0/90]/45/{0/90]

6 Carbon PVC Foam 8 [0/90)/45/[0/50)/45/45/[0/90)/45/[0/90]

9. Nanoreinforcement Modification of Composites: (Dr. Larry Drzal, Michigan State University)

The goal here is to develop a fundamental understanding of the interaction of graphite nanoplatelets
with macro reinforcing fibers and polymer matrices, and how these interactions affect the mechanical properties
and durability (fire, blast and environmental) of nanoparticle modified polymer composites. Functionalization
of xGnP exfoliated graphite nanoparticles has been completed. Nanocomposites consisting of these
functionalized nanoparticles were combined with 510A-40 vinyl ester resin to produce nanocomposites.

e Styrene was covalently bonded to the edges of the xGnP. The concentration was between 2 to 3 % of
the grafted styrene oligomer. The unnotched Izod impact strength of this styrene functionalized xGnP
reinforced 510A-40 nanocomposite is 30% higher than unmodified xGnP reinforced nanocomposite.

e An epoxy/amine adduct was used to covalently functionalize the edges of xGnP. The flexural strength
and the un-notched Izod impact strength of the 510A-40 nanocomposites were also improved about
between 30% and 160%. This functionalization approach reduced the electrical conductivity of the
510A-40 nanocomposite about 7 orders of magnitude however.

e An epoxy/ATBN adduct were used to covalently functionalize the edges of xGnP. Covalently
functionalized epoxy and ATBN on xGnP improved the unnotched Izod impact strength of
epoxy/ATBN xGnP reinforced 510A-40 VE nanocomposites about 80%.

e As an alternative to covalently attaching the functionalization to the edges of xGnP, a physical coating
of the surfaces was also investigated. Physical coating of CTBN on xGnP surface at a concentration
equivalent to one monolayer increased the unnotched Izod impact strength 70% and decreased the
electrical conductivity of reinforced xGnP coated with CTBN in 510A-40 VE nanocomposites only
about 150%.

The combination of unwoven glass fiber and the xGnP fillers to achieve improved mechanical strength
and impact property improvements for blast and impact resistance was investigated. Glass fibers (GF) were
combined with VE matrices at various volume fractions using a hand lay-up, resin impregnation and
compression method. The electrical conductivity, flexural properties and notched izod impact strength of the
GF/VE binary composites were investigated. xGnP nanoparticles at various concentrations were applied as
coatings by spraying GF unwoven mats. Studies of the effect of xGnP loading concentration on mechanical
properties of VIZ /GF composites were carried out with different xGnP contents (0.6%, 1.3%, and 3.3% by
weight). The flexural properties, notched izod impact strength, and electro conductivity of the composites were
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investigated respectively. The electrical conductivity was measured along the flow direction using a two-probe

method.

The results obtained to date include:

The flexural properties and notched izod impact strength of the GF/VE binary composites improved by
3.5x and 50x respectively with increasing GF. The compression molded GF/VE composites shown
better these properties than the samples that were not compression molded by 40%.

xGnP coated GF/VE composites were observed to have better flexural strength (20%) and impact
strength (15%) as well as higher electrical conductivity (9 orders) than those not coated with xGnP.
Incorporation of xGnP into the unwoven GF composite has enhanced the mechanical properties of the
composites. The flexural strength and impact strength showed the highest value for unwoven fabric-
GF/VE-composite-filled xGnP (1.3 wt%) compared to the baseline woven-fabric-GF/VE composites
without xGnP due to the ability of the xGnP fillers to enhance the plastic deformation of the
composites.

The flexural strength and modulus of the xGnP/GF/VE hybrid composites with optimum loading of
xGnP (about 0.5 to 1.3 wt%) produced the highest values among the investigated samples (330 MPa
and 14.5 GPa, respectively), but the impact strength and electro conductivity of the xGnP/GF/VE
hybrid composites increased to values of (1450 J/M) and (resistivity 10'* ohms.cm) only after 4.5wi%
xGnP was added to the system.

XGnP sprayed on the GF surface in a 0.5 inch pattern produced a greater flexural strength (350 MPa)
and impact strength (1590 J/M) in xGnP/GF/VE composites than uniformly sprayed xGnP on the
GF/VE composites.

10. High-strain Rate Evaluation of Nanoclay and Graphite Platelet Reinforced Vinyl Ester:

(Dr.

David Hui, University of New Orleans)

Small cylindrical specimens cut from the 1.25 and 2.5 wt% nano clay and graphite platelet reinforced

plus the 10 wt% CTBN added brominated vinyl ester plate samples were subjected to high-strain rate
compressive loading (~ 1200/sec) in Split-Hopkinson Pressure Bar apparatus. As seen in Figure 8, the failure
strength of brominated vinyl ester (VCOOFH) is reduced with nanoparticle reinforcement, even with the 10 wt%
CTBN added. Absorbed energy showed marginal improvement for the 1.25 wt% graphite platelets (VG12FH)
and also with 10 wt% CTBN added (VG12PH). However, energy absorption decreased with 2.5 wt% graphite
platelets (VG25FH), even with the 10 wt% CTBN added (VG25PH). Tensile SHPB tests are currently in

progress.
Yield strength for vinyl ester Energy absorbed for vinyl ester
nano composites nano composites

250000 §—————— — — 5.000 - -

200,000 W VCOOFH = 4000 1 ®VCOOFH
g 150.000 _ BVCI2FH i 3.000 +- uVC12FH
i 100.000 m VC2SGH ‘g 2,000 | mVC25GH
! WVGI2FH g BVG12FH

50.000 w 1,000

BVG2SFH W VG25FH
0.000 - . 0.000 +—— ——
1200/sec WVG12PH 1200/sec MVG12PH
WVG25PH B VG25PH
Strain Rate Strain Rate
(a) (b)

Figure 8. (a) Yield Strength, and (b) energy absorption for vinyl ester nano composites under high-strain

(1200/sec) compressive loading.
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NAVY RELEVANCE: Producing stronger, safer and more cost-effective platforms for the new generation
naval ships requires innovative designs, new materials, and affordable/efficient processing and characterization
technologies. This research will advance the development of blast, shock and impact resistant composites for
navy ship structural applications; to achieve better mobility, survivability, stealth and safety at lower cost.

TRANSITIONS: These research investigations have been leveraged with a concurrent grant: Nano-Particle
Reinforced Composites for Critical Infrastructure Protection, from the Department of Homeland Security -
Southeast Region Research Initiative (DHS-SERRI). Northrop Grumman Ship Building (NGSB) Advanced
Capabilities Group is facilitating this research effort on development of advanced ship panel concepts.
WebCore Technologies Inc., a small-scale industry in Dayton, OH is working closely with University of
Mississippi to develop affordable and durable TYCOR® composite sandwich panels for navy ship structural
applications. TYCOR® is currently being used in several military and commercial applications including
refrigerated cargo floor for Navy cargo ships, Air Force tactical shelters, Air Force runway matting, vehicular
bridge decks, railcar floors and wind turbine blades.

PUBLICATIONS (ONR-supported):

Results of this research have been disseminated in eleven journal publications and ten conference
presentations/proceedings during 2009-2010.
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OBJECTIVE

Develop stronger, safer and more cost-effective structures for the new generation naval ships; especially
nanoparticle reinforced glass/carbon polymeric based composites and structural foams for blast, shock and
impact mitigation.

TECHNICAL APPROACH

Experimental blast response and quasi-static material property data were generated for E-glass and
carbon face skin sandwich composite panels with balsa, PVC foam and TYCOR® cores. The Pressure vs
Impulse (P-I) curve methodology that was developed to represent estimated damage levels in civil infrastructure
components subjected to blast loadings, has been adapted for analyzing these sandwich composite panels.
Results show good correspondence between model predictions and experimental data for the performance
evaluation of various sandwich composite panel configurations. This P-I curve methodology enables the
generation of a database of performance envelopes for sandwich composite panels with a variety of skin and
core material combinations under various blast and shock loading scenarios, for naval composite structural
applications.

SUMMARY OF RECENT ACCOMPLISHMENTS

¢ Numerical models have been developed for the performance evaluation of sandwich composite panels
under various blast loading scenarios.

e The Pressure vs Impulse (P-I) curve methodology is implemented to facilitate the rapid analysis of
component and system level response to blast and shock loading.

TECHNICAL DETAILS

1. Introduction: The goal of this study is to make use of available experimental blast and shock response data for
the performance prediction of sandwich composite panels under a wider range of operational loading conditions and
threat scenarics, which would facilitate design decisions at the ship superstructure-system level. The available
experimental data, which is limited to only specific blast and shock loading scenarios, is used for validating the
proposed computer simulation methodology.

The P-1 (Pressure-Impulse) diagram (Figure 1) mathematically relates a specific damage level to a
combination of blast pressure and impulse imposed on a particular structural element and allows reduced order
modeling of the sandwich composite panel systems. P-I curves are also known as iso-damage curves with each
curve representing a certain response level such as mid-span deflection or rotation at supports, etc.

In a particular threat scenario, the pressure and impulse acting on a structure can be determined by using

scaling laws based on the distance of the structure from the blast source [1]. Knowing the distribution of
pressure and impulse due to a specific blast scenario, the damage to individual components in terms of ductility
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demand can then be determined from the P-I chart [2, 3] and can also be further mapped onto a structure
consisting of many such components.

Previous research conducted at University of Mississippi under the DHS-SERRI project “Nano-Particle
Reinforced Composites for Critical Infrastructure Protection” involved the evaluation of strength and
deformation capacity of civil infrastructure components subject to blast and extreme loading [4]. Pressure
versus Impulse (P-I) curves were used to represent estimated damage levels in components subjected to blast or
shock loadings. The adopted procedure and reflected blast pressure versus distance relation followed the TM 5-
1300 Joint Forces military guidance [1]. A database of P-I curves for reinforced concrete components of various
cross sections and reinforcement ratios was developed, including the benefits of nano-particle reinforcement.
These simulations allow the planner to determine the likely location and extent of damage in building structures
subject to blast loadings. This simplified methodology used for rapid damage and vulnerability assessment of
critical infrastructure [5] has been adopted here for the performance evaluation of sandwich composite panels
for naval ship structures [6].

Comnosite Panel Force-Deflection
+«—— R12

—PX)

Figure 1. Procedure for generating the P-I curves numerically

2. Fabrication Of Large Size Sandwich Composite Panels: Large 4’ x 4° and 8’ x 4’ size navy relevant
sandwich composites with balsa, PVC, Tycor foam cores and glass and carbon / vinyl ester face sheets were
fabricated for blast, shock, ballistic and impact characterization by the Vacuum Assisted Resin Transfer
Molding (VARTM) process at the University of Alabama-Birmingham [6]. A total of 6 variants (two 4’ x 4’ for
each variant) were processed with varying face sheet material, core, and stacking sequence.

Table I. SANDWICH COMPOSITE PANELS SUBJECTED TO BLAST LOADS.

Sno | Material Code | Face Sheet Material Core Material Face-skin Stacking Sequence
1 E1B3VNBI E-Glass / vinyl ester | Balsa core type 9.7 pcf | [0/90)/45/[0/90)/45/[0/90] 5 plies
PB standard

2 C3B3VNBI T-700 Carbon FOE Balsa core type 9.7 pcf | [0/90)/45/[0/90)/45/{0/90] S plies
treated / vinyl ester PB standard

3 C3B3V0BI T-700 Carbon FOE Balsa core type 9.7 pcf | [0/90)/45/[0/90)/45,/[0/90)/45/{0/
treated / vinyl ester PB standard 90] - 8 Plies

4 C3P2V0BI1 T-700 Carbon FOE PVC core type 8.1 pcf | [0/90)/45/[0/90])/45,/[0/90]/45/[0/
treated / vinyl ester Divinycell H130 90] - 8 Plies

5 EIT7VMB2 | E-Glass/ vinyl ester Stitched TYCOR [0/90)/45/10/901/45/[0/90]5 plies

6 EIT8VPBI E-Glass /vinyl ester Non-Stitched TYCOR | [0/90]/45/[0/90)/45/{0/90] S plies
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Table I lists all the variants and constituent materials along with details on face sheet stacking sequence. In the
work reported here, out of the six different sandwich composite panels described in Table I, only three panels
which have equal face sheet and core thickness, i.e., the 5 ply E-glass/balsa, 8 ply Carbon/Balsa and 8 ply
Carbon/PVC, are considered for computational simulation and analysis.

3. Blast Testing: The six large 4’ x 4’ x 2.25” thick panels with Balsa, PVC, TYCOR foam cores and E-glass
and T700 FOE treated carbon face sheets (Table I) were mounted in the US Army Corps of Engineers ERDC
Blast Load Simulator (Vicksburg, MS) such that the top and bottom were fixed and the other two sides were
free.

Maximum back-face displacement (NTAD)
Five ply E-glasnTycor (Unidisactional] - Long.
Eight ply T-700 Caboa®VC |
Fivaply T-700 CarbonBalsa |
FivaplyE-glasy/Balsa |
Fjve ply E-glass Tycor (Stitche}) —~ Loay.

Sandwich compesites

0.0 0.1 02 03
Maxinium back-face displacement (ln-ftl/lb))

(a)

Energy absorption (NTAD)
Fivaply E-glass Tyveor (I.h:&tmmxd - Leng.

»n
'%_ Eight ply T-70§ Cacbon Balsa
% |EishtpyT-20 CabenPVC |
£ |Fiveply T-700 CarbenBalia
'g Fiveply E-glassBaba |
“ | Five py E-glassTycor (Stiched)—Leng.
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Energy (NTAD) absorbed (in-1bf-fc/1b)
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Figure 2. (a) Maximum back-face displacement, and (b) energy absorbed by sandwich composite panels
subjected to blast load waveforms of 16-18 psi peak pressures and 200 psi-ms impulse.

These were subjected to blast load waveforms of 16-18 psi peak pressures and 200 psi-ms
impulse which represents an approximate threat level of 2000 lbs of TNT at 140 feet. The blast tested
panels underwent about 0.5 to 1.5 inches of mid-point deflection, with no visible signs of external
damage. Figure 2 compares the experimental blast response characteristics of these sandwich panels
[6] with respect to mid-point deflection and energy absorption (data normalized to areal density -
NTAD).

4. Finite Element Modeling: The SAP2000 finite element model consists of layered nonlinear shell elements
(Figure 3) and allows multiple layers of different thicknesses, each with a different material property, while
avoiding shear locking behavior, The shell element also includes the effects of transverse shear deformation.
Bulk material nonlinear—stress strain data obtained from quasi-static tensile and compressive testing of
corresponding face sheet and core materials respectively is used as input for the material constitutive models.
The quasi-static experimental data shows variation in material properties (Figure 4); hence the averaged
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experimental and published material data consistent with the SAP2000 program requirements are used as input
for the FE model [7].
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Figure 3. (a) FE model of sandwich composite panel mesh and boundary conditions,
and (b) SAP2000 shell element
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Figure 4. Experimental uni-axial stress-strain relation and idealization for (a) E-glass vinyl ester face sheets,
and (b) Balsa wood core.
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The strength vs deformation capacity of undamaged sandwich composite panels shown in Table I are
established by nonlinear quasi-static finite element analysis [7], with each panel subjected to 1.5 inches of mid-
span deformation under displacement control and boundary conditions simulating the complex interactions that
occur during the actual blast tests.

5. Equivalent Single Degree Of Freedom Idealization: The nonlinear force deflection relationship obtained
from FE modeling is initially idealized to an elastic-perfectly plastic force-deflection relationship by equating
the work done, which is the area under the respective force-deflection curves (Figures 5, 7 and 9). The
equivalent elastic stiffness Kg and the equivalent maximum elastic deflection y, are then computed. Since there
are non-unique solutions for the idealized curves, in this study the Kg is constrained such that the elastic
stiffness of the SDOF system is similar to the initial stiffness of the composite panel obtained from quasi-static
nonlinear analysis. Based on these assumptions, the component is idealized as an equivalent single degree of
freedom (SDOF) system [7].

The energy balance method (based on principle of conservation of mechanical energy) is commonly
employed to obtain the quasi-static and impulsive asymptotes of P-I curves. To obtain the impulsive asymptote,
the total energy imparted to the system is assumed to be in the form of kinetic energy and is equated to the total
strain energy stored in the system at its maximum response. For the quasi-static regime, the load can be
assumed to be constant before the maximum deformation is achieved and accordingly the quasi-static (Pressure)
asymptote is obtained by equating the work done by the load and total strain energy in the system at maximum
deformation.

P-I curves can also be generated numerically by simulating the dynamic response of the SDOF system to a
large number of triangular impulse loads by using the implicit generalized Newmark method of time integration
in Matlab. The time duration of the impulse (t4); the time of rise (), peak load and the impulse applied onto the
component are varied. The maximum values of response to each loading are then computed, and if they match a
certain desired response level, they are stored in an array along with the peak pressure and corresponding
impulse.

The quasi-static and impulsive asymptotes for different ductility ratios (p; = yi/y,) corresponding to critical
stages in the component response for the 5 ply E-glass/Balsa, 8 ply Carbon/Balsa and 8 ply Carbon/PVC
sandwich panels are plotted in the respective P-I space (Figures 6, 8, 10, 11). These numerical simulations of
reduced order enable the construction of iso-damage curves that are suitable for damage prediction over a wider
range of blast pressure and impulse combinations.
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Figure 5. Simulated quasi-static force-displacement relation and equivalent bi-linear idealization
for the 5 ply E-glass/Balsa sandwich panel (EIB3VNBI1)
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Figure 6. Pressure-Impulse curves for the 5 ply E-glass/Balsa sandwich panel (E1B3VNB1),
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for the 8 ply Carbon/Balsa sandwich panel (C3B3V0B1)
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Figure 10. Pressure-Impulse curves for 8 ply Carbon/PVC sandwich panel (C3P2V0B1)
for different ductility ratios (n=y;/y,)
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Figure 11. Comparison of Pressure-Impulse curves for the 5 ply E-glass/Balsa, 8 ply Carbon/Balsa and 8 ply

Carbon/PVC, for the ductility ratio p= 1.

6. Conclusions: In this work, Pressure vs Impulse (P-I) curves are developed for sandwich composite panels
with a variety of skin and core material combinations, to enable the generation of a database of performance
envelopes under various blast loading scenarios. The strength vs deformation properties of the undamaged
sandwich composite panels are established by nonlinear quasi-static finite element analysis (FEA) of the
component subjected to mid-span deformation under displacement control, with boundary conditions simulating
the actual blast tests and idealized for SDOF (single degree of freedom) modeling. Nonlinear quasi-static
analysis indicates that the Carbon/PVC panel has the highest energy absorption (NTAD) capability followed by
8 ply Carbon/Balsa and E-glass/Balsa respectively, based on area under the simulated quasi-static load-
deflection curves (Figures 5,7,9). From these force-deformation simulations it appears that for the 8 ply
Carbon/Balsa and 8 ply Carbon/PVC panels (having the same face sheet material but different cores) the type of
core material type dictates the deformation upto yield, being higher for Balsa than PVC core. However, the
energy absorption under quasi-static loading is marginally higher for PVC than Balsa core. Comparison
between 5 ply E-glass/Balsa and 8 ply Carbon/Balsa panels (which have the same core, but different face sheet
materials) indicates that the face-sheet material determines the peak load resistance of the panel, which is higher
for an 8 ply Carbon face sheet than a 5 ply E-glass face sheet of equal thickness.

In the pressure-impulse space, these simulations predict that the 8 ply Carbon/Balsa sandwich panel would
require considerably higher blast pressure and impulse values to cause permanent deformation (as defined by
the equivalent SDOF system) when compared to the E-Glass/Balsa and Carbon/PVC sandwich panels. For the
experimental blast loading conducted at 15.5-18.8 psi pressure and 0.19-0.2 psi-sec impulse, the 5 ply E-
glass/Balsa panel absorbs the most energy by virtue of larger plastic deformation, while the 8 ply Carbon/Balsa
panel absorbs the least energy as it responds elastically. The analytical predictions are consistent with the
experimental data obtained from blast tests. Analysis of the other three sandwich composite panel
configurations ie., the 5 ply Carbon/Balsa, E-glass/Non-Stitched Tycor and E-glass/Stitched Tycor shown in
Table I, is currently ongoing.
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Abstract

Experimental blast response and quasi-static material property data were obtained for
E-glass and carbon face skin sandwich composite panels with balsa, polyvinyl chloride
foam, and TYCOR® cores. The pressure versus impulse (P-l) curve methodology
enabled the generation of a database of performance envelopes for these sandwich
compesite panel configurations under different blast loading scenarios. The strength
versus deformation properties of various undamaged sandwich composite panels are
established numerically and idealized for single-degree-of-freedom modeling. Results
show good correspondence between model predictions and experimental results for
performance evaluation of the various sandwich composite structural panel configur-
ations that were investigated.

Keywords
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Introduction

The goal of this study is to make use of available experimental blast and shock
response data for the performance prediction of sandwich composite panels under
a wider range of operational loading conditions and threat scenarios, which would
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facilitate design decisions at the ship superstructure-system level. The available
experimental data, which is limited to only specific blast and shock loading scen-
arios, is used for validating the proposed reduced order computer simulation
methodology.

Several detailed studies have been conducted on the blast and shock response of
sandwich composite panels [1-5]. These studies have examined the response and
various failure modes of the panels such as core crushing, delamination, bending,
and shear response. The focus of these studies has largely been limited to the
response of a composite sandwich panel to a unique blast or shock loading
scenario.

Our study focuses on implementation of the P—I (pressure vs. impulse) curve
computatiorial methodology to enable exploration of the design space, and for
evaluating the response of available sandwich composite panel configurations to
various blast loads. An attempt has been made to validate the computational
methodology for predicting the performance of various sandwich composite
panels based on limited available experimental data corresponding to specific
blast load histories.

The P—I (pressure~impulse) diagram shown in Figure 1 relates a specific damage
level to a combination of blast pressure and impulse imposed on a particular
structural element, and allows the reduced order modeling of sandwich composite
panel systems. P-I curves are also known as iso-damage curves with each curve

Composite Panel ' Force-Deflection Curve

P-l Curves

e

Ii‘

P*

t Blast Time History

Figure 1. Procedure for generating the pressure-impulse (P-{) curves numerically.
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representing a certain response level such as mid-span deflection or rotation at
supports, etc.

In a particular threat scenario, the pressure and impulse acting on a structure
can be determined using scaling laws based on the distance of the structure from
the blast source [6]. Knowing the distribution of pressure and impulse due to a
specific blast scenario, the damage to individual components in terms of ductility
demand can then be determined from the P-I chart [7, 8], and can also be further
mapped on to a structure consisting of many such components.

Previous research conducted at the University of Mississippi on nano-particle
reinforced composites for critical infrastructure protection involved the evaluation
of strength and deformation capacity of civil infrastructure components subject to
blast and extreme loading [9]. Pressure vs impulse (P-I) curves were used to rep-
resent estimated damage levels in components subjected to blast or shock loadings.
The adopted procedure and reflected blast pressure vs distance relation followed
the TM 5-1300 Joint Forces military guidance [6]. A database of P-I curves for
reinforced concrete components of various cross sections and reinforcement ratios
was developed, including the benefits of nano-particle reinforcement. These simu-
lations allow the planner to determine the likely location and extent of damage in
building structures subject to blast loadings. This simplified methodology used for
rapid damage and vulnerability assessment of critical infrastructure [10], has been
adopted here for the performance evaluation of sandwich composite panels for
naval ship structural applications [11].

Fabrication of large size sandwich composite panels

Large 1.22 x 1.22m? (4 x 4ft?) and 2.44 x 1.22m? (8’ x 4') size navy relevant sand-
wich composites with balsa, polyvinyl chloride (PVC), TYCOR® foam cores, and
glass and carbon/vinyl ester face sheets were fabricated for blast, shock, ballistic,
and impact characterization by the vacuum assisted resin transfer molding process
at the University of Alabama-Birmingham [11]. A total of six variants (two
1.22 x 1.22m? panels for each variant) were processed with varying face sheet
material, core, and stacking sequence. In the work reported here, these six different
sandwich composite panels are considered for computational simulation and ana-
lysis. The layup and stacking sequence of these panels are described in Table 1.

Blast testing

The six large 1.22 x 1.22 x 0.057m> (4t x 4ft x 2.25in) thick panels with balsa,
PVC, TYCOR foam cores, and E-glass and T700 FOE-treated' carbon face sheets
were mounted in the US Army Corps of Engineers ERDC Blast Load Simulator
(Vicksburg, MS) such that the top and bottom were fixed and the other two sides
were free (Figure 2). The blast simulator uses a He/Air mixture to simulate the
effects of an explosion. Stiff steel edge plates of width 152 mm (6”) are used as front
and back of the loading frame. These panels were subjected to blast load

A-5¢




Tadepalli and Mantena

113

Table I. Sandwich composite panels subjected to blast loads

S.

no.

Material

code Face sheet material

Core material

Face skin stacking sequence

6

EIB3VNBI E-glass/vinyl ester

C3B3VNBI T-700 carbon FOE-treated/
vinyl ester

T-700 carbon FOE-treated/
vinyl ester

C3B3V0BI

C3P2VOBI T-700 carbon FOE-treated/
vinyl ester

EIT7VMB2 E-glassivinyl ester

EIT8VPBI E-glass/vinyl ester

Balsa core type 9.7 pcf PB
standard

Balsa core type 9.7 pcf PB
standard

Balsa core type 9.7 pcf PB
standard

PVC core type 8.1 pcf
Divinycell HI130

Stitched TYCOR

Non-stitched TYCOR

[0°/90°)/45°/[0°/90°)/45°/
[0°/90°] ~ five plies
[0°/90°1/45°/[0°/90°]/45°/
[0°/90°] - five plies
[0°/90°)/45°/[0°/90°)/45°,/
[0°/90°1/45°/[0°/90°] —~
eight plies
[0°/90°)/45°/T0°/90°)/45°,/
[0°/90°)/45°/[0°/90°] —
elght plies
[0°/90°1/45°/[0°/90°)/45°/
[0°/90°] — five plies
[0°/90°)/45°/[0°/90°)/45°/
[0°/90°] — five plies

PVC: polyvinyl chloride.

Free Boundary

Fixed
Boundary
L (Bolted)

Figure 2. Fixed top/bottom and two sides free boundary condition of sandwich panel
mounted In the ERDC blast load simulator. .
ERDC: Engineer Research and Development Center.
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Figure 3. Typlcal peak reflected pressure and impulse distribution on five ply E-glass/balsa
sandwich panel (EIB3VNBI).

waveforms of 106.8-129.6kPa (15.5-18.81bffin*) peak over-pressures and
1.28-1.38kPas (185-2001bf/in’ms) impulse which represents an approximate
threat level of 907.2kg (20001bs) of trinitrotoluene (TNT) at 42.7m (140ft)
(Figures 3 and 4). Four high speed Phantom® cameras with a sampling rate of
1000 frames per second were positioned to capture the response of the rear face of
the panel from various angles. A laser range finder (Acuity® AR4000-LIR) was
used for recording the deflection time-history of the back face of the panels.
Kulite® high pressure ruggedized dynamic response IS pressure transducer
(HKS-11-375-100SG(M) series) was used for measuring the pressure time-histories
at various locations around the panel (as shown in Figure 3). A HiTechniques®
(HT600) data acquisition system sampled the events at 1 MHz and recorded for
131 ms for the pressure gages and 2s on the laser.

These blast tested panels underwent about 12.7-38.1 mm (0.5-1.5in.) of mid-
point deflection, with no visible signs of external damage.

Figure 5 compares the experimental blast response characteristics of these sand-
wich panels [11]. To accommodate specific weight requirements, the reported
experimental and numerical data have been normalized to areal density (NTAD)
(kg/m™); with respect to both mid-point deflection (m/kg/m?®) and the energy

absorption (kJ/kg/m?) capabilities.

Finite element modeling

Various failure mechanisms may influence the response during blast loading of a
sandwich composite panel. This study focuses only on the global flexural mode of
failure, with the sandwich composite panel under a fixed—fixed boundary condition
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Figure 4. Typical blast load history on sandwich panels with 106.8-129.6 kPa (16-18 Ibf/in?)
peak pressure and 1.28—1.38kPas (185200 Ibf/in® ms) impulse; equivalent to 907.2kg
(20001bs) of TNT at 42.7 m (140ft).

TNT: trinitrotoluene.

at each support. The methodology described here, however, can be easily extended
to accommodate other failure modes and boundary conditions.

The SAP2000® [12] finite element (FE) model consists of layered nonlinear shell
elements (Figure 6(a)) and allows multiple layers of different thicknesses, each with
a different material property, while avoiding shear locking behavior. The shell
element also includes the effects of transverse shear deformation. Bulk material
nonlinear-stress strain data obtained from quasi-static tensile and compressive
testing of corresponding face sheet and core materials, respectively, is used as
input for the material constitutive models. The quasi-static experimental data
shows some variation in material properties for the face skin and core materials
(Figures 7 to 9); hence both the averaged experimental and published material data
that are consistent with the SAP2000 program requirements are used as input for
the FE model [13-16].

A parameter study was initially conducted with the FE model, for closely similar
boundary conditions, in order to simulate the complex interactions that occur
during the actual blast tests (Figure 6(b)). The bolt locations are modeled as
being fixed against displacement and rotation. The stiff back plate near the bolts
(Figure 2) extends the support to the panel by 76 mm (3”). Figure 6(b) shows the
effect of three different boundary conditions (simulating different degrees of
restraint at the edge of the back plate) on the quasi-static force-deformation
response (stiffness) of the panel. The free boundary condition at the plate edge
was finally chosen, based on comparison of dynamic response of the equivalent
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(a) Maximum back-face displacement (NTAD)

Five Piy E-Giass/TYCOR
(Unidirectional ) Long.

Eight Piy T-700
Carbon/Balsa

Eight Ply T-700 Carbon/PVC

Five Ply T-700 Carbon/Balsa

Sandwich Composiies

Five Ply E-Giass/Baisa

Five Piy E-Glass TYCOR
(Stitched) Long.

0.0E+00 5.0E-04 1.0E-03 1.5E-03 2.0E-03

Maximum back-face displacement (m-m2/Kg)

(b) Energy absorption (NTAD)

Five Piy E-Gilass/TYCOR
(Unidirectional) Long.

Eight Ply T-700
Carbon/Baisa

Eight Piy T-700 Carbon/PVC

Five Ply T-700 Carbon/Baisa

Sandwich Composites

Five Ply E-Glass/Balsa

Five Ply E-Giass TYCOR
(Stitched) Long.

0.0E+00 5.0E-02 1.0E-01 1.5E-01

Energy (NTAD) absorbed (KJ-m%/Kg)

Figure 5. Experimentally obtained (a) maximum back-face displacement and (b) energy
absorbad by sandwich composite panels subjected to blast load waveforms.
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Figure 6. (a) FE model of sandwich composite panel mesh and (b) effect of boundary condi-
tions on the quasi-static response of sandwich composite panels.
FE: finite element.

single-degree-of-freedom (SDOF) system with experimental observations for max-

imum back-face deflection.
The strength versus deformation capacity of undamaged sandwich composite

panels shown in Table 1 are established by nonlinear quasi-static FE analysis [12],
with each panel subjected to about 1.5in. (38.1 mm) of mid-span deformation
under displacement control.

Equivalent SDOF idealization

The nonlinear force—deflection relationship obtained from FE modeling for each
sandwich panel configuration is initially idealized to an elastic-perfectly plastic
force—deflection relationship by equating the work done, which is the area under
the respective force—deflection curves (Figures 10 to 15). The equivalent elastic
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-
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0.0E+00

5.0E-03
Strain

1.0E-02

Figure 7. Experimental uniaxial stress—strain relation and idealization for (a) E-glass vinyl
ester and (b) carbon T-700 FOE-treated face sheets.

stiffness, &,, and the equivalent maximum elastic deflection, y,, are then computed.
Since there are non-unique solutions for these idealized curves; in this study the, &,
is constrained such that the elastic stiffness of the SDOF system is similar to the
initial stiffiness of the composite panel obtained from quasi-static nonlinear
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Figure 8. Experimental uniaxial stress—strain relation and idealization for (a) balsa wood core
and (b) PVC foam core.
PVC: polyvinyl chloride.
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Figure 10. Simulated quasi-static force-displacement relation and equivalent bilinear idealiza-
tlon for the five ply E-glass/balsa sandwich panel (EIB3VNBI).

analysis. Based on these assumptions, the component is idealized as an equivalent
SDOF system [17].

The energy balance method (based on principle of conservation of mechanical
energy) is commonly employed to obtain the quasi-static and impulsive asymptotes
of P-I curves [17]. To obtain the impulsive asymptote, the maximum deflection of
an SDOF system subject to a very short duration loading (relative to the natural
period) is considered. The total energy imparted to the system is assumed to be in
the form of kinetic energy and is equated to the total strain energy stored in the
systemn at its maximum response. The loading is considered to be a pure impulse as

shown below
' i=F- -ty 1)

This impulse imparts an initial velocity (v) to the system of mass M

V=}.'=1Ti4 2

Therefore, the kinetic energy imparted to the system is given by

My P
K.E. = T = m (3)
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Figure |1. Simulated quasi-static force—displacement relation and equivalent bilinear idealiza-
tion for the eight ply carbon/balsa sandwich panel (C3B3VO0BI).

Since resistance is bilinear, strain energy at maximum deflection (i.e. total energy
absorbed by the system) is equal to the area under the resistance curve given by

U= Rpax (ymax - %) 4
where U is the strain energy at maximum deflection, Ryax the maximum resistance
of the equivalent SDOF system, ymax the maximum deflection of the equivalent
SDOF system, and y,; the maximum elastic deflection of the equivalent SDOF
system.

At maximum deflection the external energy is assumed to be completely absorbed
by the SDOF system. Thus, equating external kinetic energy (equation (3)) to inter-
nal strain energy (equation (4)) and normalizing with respect to area, we obtain

i— (Rmax/A4) - ( 2u—1
N )

)

. _R
ratio, and o = ,/4;, K =2,

where A4 is the ez{/gosed area (36” x 42") of the sandwich panel, u = %"- the ductility
K
Yel
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tion for the eight ply carbon/PVC sandwich panel (C3P2VOBI).
PVC: polyvinyl chloride.

To obtain the pressure asymptote, the quasi-static regime is considered; where
® the load can be assumed to be constant before the maximum deformation is
achieved. Accordingly, the quasi-static (pressure) asymptote is obtained by equat-
ing the work done by the load and total strain energy in the system at maximum
deformation as shown below

Equating the external energy (equation (6)) to internal energy (equation (4)) and
normalizing with respect to area, we obtain

et (5 o

P-I curves can also be generated numerically by simulating the dynamic response
of the SDOF system to a large number of triangular impulse loads using the
implicit generalized Newmark method of time integration in Matlab®. The time
duration of the impulse (z,); the time of rise (¢,), peak load, and the impulse applied
onto the component are varied. The maximum values of response to each loading
are then computed, and if they match a certain desired response level, they are
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Figure 13. Simulated quasi-static force—displacement relation and equivalent bilinear idealiza-
tion for the five ply carbon/balsa sandwich panel (C3B3VNBI).

stored in an array along with the peak pressure and corresponding impulse. A
comparison of the energy balance method and the numerical approach (Figure
16) for a typical case shows that similar P-I curves are obtained by both these
methods.

However, given the large variation in the material properties of the sandwich
panel materials, as well as the complex boundary conditions, only the asymptotes
of the P-I curves are computed in this study. These numerical simulations of
reduced order enable the rapid construction of iso-damage curves that are suitable
for damage prediction over a wider range of blast pressure and impulse
combinations.

Results and discussion

The quasi-static and impulsive asymptotes for different ductility ratios (u;=yi/y,)
corresponding to critical stages in component response for the six different com-
posite sandwich panel configurations investigated are plotted in the respective P—I
space (Figures 17 to 22). Figure 23 shows the comparative performance, in P-/
space, of these six sandwich panel configurations, corresponding to first yield dis-
placement (w=1). The simulated responses are observed to concentrate under
three groupings corresponding to relatively high, medium, and low overall blast
resistance, in terms of the pressure and impulse these panels can withstand before
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Figure 14. Simulated quasi-static force—displacement relation and equivalent bilinear idealiza-
tion for the five ply E-glass/TYCOR (stitched) sandwich panel.

undergoing plastic deformation. The first group consisting of eight ply carbon/
balsa (C3B3VOBI1) and eight ply carbon/PVC (C3P2VOBI1) shows the greatest
overall resistance. The second group with five ply E-glass/balsa (E1B3VNBI),
five ply E-glass/TYCOR® (unidirectional), and five ply E-glassy/TYCOR®
(stitched), each of which show relatively moderate resistance to blast. The five
ply carbon/balsa (C3B3VNBI) is predicted to have the lowest overall blast resist-
ance of all six sandwich panel configurations, as per this P-I curve methodology.

Nonlinear quasi-static analysis indicates that the five ply carbon/balsa has the
highest energy absorption (NTAD) capability followed by five ply E-glass/balsa
and five ply B-glass/TYCOR® (unidirectional)-Long., respectively, based on area
under the simulated quasi-static load—deflection curves (Figure 24). From these
force—deformation simulations it appears that for the eight ply carbon/balsa and
eight ply carbon/PVC panels (which have the same face sheet material, but different
cores of same thickness) the type of core material dictates the deformation up to
yield (NTAD), being higher for PVC foam than the balsa core (Figure 24(a)).
However, the energy absorption (NTAD) under quasi-static loading is marginally
higher with balsa than PVC core (Figure 24(b)). A similar comparison between the
five ply E-glass/balsa, five ply E-glass/TYCOR® (unidirectional) Long., and five
ply B-glass/TYCOR® (stitched) Long., (which have the same face sheet materials,
but different cores of same thickness) indicates that the five ply E-glass/balsa has
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Figure 15. Simulated quasi-static force—displacement relation and equivalent bilinear idealiza-
tion for the five ply E-glass/TYCOR (unidirectional) sandwich panel (EIT8VPBI).

the highest deformation up to yield (NTAD) among these three panel configur-
ations, with the five ply E-glass TYCOR® (stitched) Long. panel having the lowest
deformation up to yield (NTAD). Figure 24(b) indicates highest energy (NTAD)
absorption, among these three, by the five ply E-glass panel with a balsa core. It is
also observed that the five ply E-glass TYCOR® (stitched) panel absorbs less
energy (NTAD) as compared to-the five ply E-glass TYCOR® (unidirectional)
Long. panel. '

Comparison of all the panels with five ply E-glass face sheets and different cores
of same thickness mentioned in the previous paragraph, gives similar values of
peak load resistance (Figures 10, 14, and 15). Conversely, the eight ply carbon/
balsa panel gives a higher peak load resistance (Figure 11) than a five ply E-glass/
balsa panel (Figure 10) (which have the same core, but different face sheet materials
of same thickness). This indicates correlation between the type of face sheet mater-
ial and the peak load resistance of the panel. Overall these trends shown in Figure
24 are similar to those obtained from the experimental blast tests (shown previously
in Figure 5).

In the pressure-impulse space, these simulations predict that the eight ply
carbon/balsa and the eight ply carbon/PVC sandwich panels would require con-
siderably higher blast pressure and impulse values to cause permanent deformation
(as defined by the equivalent SDOF system), when compared with the five ply E-
_glass/balsa and five ply carbon/balsa and five ply E-glass/TYCOR® (both stitched
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Figure 21. Pressure—impulse curves for the five ply E-glass/TYCOR (stitched) sandwich panel
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Figure 24. (a) Simulated deformation up to yield and (b) straln energy absorption under
quasi-static loading for the various sandwich composite panels.
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and unidirectional) sandwich panels. For the experimental blast loading conducted
at 106.8-129.6 kPa (15.5-18.8 Ibf/in®) peak pressures and 1.38 kPa s (200 1bf/in? ms)
impulse, the five ply carbon/balsa panel absorbs the most energy (NTAD) by virtue
of plastic deformation at these blast pressure-impulse combinations, while the
eight ply carbon/PVC panel absorbs the least energy as it responds more elastically.
Further implications of these findings are that in case of relatively stiffer panels,
the supporting structural framing and connections need to be carefully designed
such that they allow the maximum demand to be achieved in the panel so as to take
full advantage of its energy absorption capability. The framing should also be
designed to withstand the higher blast forces transmitted from these panels.

Conclusions

In this study, pressure versus impulse (P-I) curves are developed for sandwich
composite panels with a variety of skin and core material combinations, to
enable the generation of a database of performance envelopes under various
blast loading scenarios.

The strength versus deformation properties of the undamaged sandwich com-
posite panels are established by nonlinear quasi-static FE analysis of the compo-
nent subjected to mid-span deformation under displacement control, with
boundary conditions simulating the actual blast tests and idealized to facilitate
SDOF modeling.

The analytical predictions are consistent with the experimental data obtained
from blast tests. The computational methodology described in this study can also
be adopted for comparing the performance characteristics of various other hypo-
thetical sandwich composite panel configurations with no experimental data cor-
responding to blast loading.
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Abstract: In this study, the fractal dimensions of failure surfaces of vinyl ester based
nanocomposites are estimated using two classical methods, Vertical Section Method
(VSM) and Slit Island Method (SIM), based on the processing of 3D digital microscopic
images. Self-affine fractal geometry has been observed in the experimentally obtained
failure surfaces of graphite platelet reinforced nanocomposites subjected to quasi-static
uniaxial tensile and low velocity punch-shear loading. Fracture energy and fracture
toughness are estimated analytically from the surface fractal dimensionality. Sensitivity
studies show an exponential dependency of fracture energy and fracture toughness on the
fractal dimensionality. Contribution of fracture energy to the total energy absorption of
these nanoparticle reinforced composites is demonstrated. For the graphite platelet
reinforced nanocomposites investigated, surface fractal analysis has depicted the probable
ductile or brittle fracture propagation mechanism, depending upon the rate of loading.

Keywords: nanocomposites; low velocity punch-shear; fractured surface; digital microscopy;
fractal dimension; fracture energy; fracture toughness

1. Introduction

Nanocomiposites are being considered for applications in marine structures subjected to blast waves
and impact loading. Impact energy mitigation is a requirement for these structures. Characterizing
energy absorption response of materials at higher strain rates has gained increasing attention from
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researchers. Figure 1 shows the fracture energy contribution as a part of the total absorbed energy
during fracture propagation. It also indicates that a major portion of the total energy input to the system
during loading is dissipated. Roughness of the fractured surface plays a major role in predicting
fracture energy absorption.

Figure 1. Contribution of fracture energy to the total energy absorption mechanism during
low-velocity impact.
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Beginning with the pioneering work by Mandelbrot et al. [1], numerous investigators have focused
on statistical characterization of the roughness of fractured surfaces [1-10]. It is now evident that the
topography of crack surfaces can be described as being self-affine [10]. Self affinity is defined and
well-described in the context of fractals by Mandelbrot [2]. As the crack propagates, the scale of
tortuosity varies in different axes, which leads to fractal self-affinity of the fractured surface. Hence
determining invariant fractal dimensionality of the surface becomes more tedious and multiple
scaled-sampling dependent. Griffith states that brittle fracture occurs when the released strain energy is
greater than the fracture energy required to create new fracture surfaces [11]. Consequently a more
tortuous fractured surface indicates greater fracture energy absorption during crack propagation.

Cherepanov et al. [3] discussed several achievements in the field of fractal geometry that influenced
fracture mechanics. Hotar et al. [4] applied fractal geometry in combination with statistical tools for
the classification of surface roughness. Mecholosky [5] showed how fractal geometry can be used in
estimating the theoretical strength of materials based on crack tip geometry and generated fracture
surface. The applicability of the fractal concept within fracture mechanics has also been discussed in
several publications. Kozlov et al. [6] showed that the fundamental concepts of fractal fracture
mechanics are applicable to polymeric composites. Rodrigues et al. [7] applied the concept of fractals
to explain the crack deflection toughening mechanism in ceramic materials. Ficker [8] derived the
relationship between mechanical strength and fractal characteristics of porous gels and verified with
experimental data. Williford [9] expressed the similarity relationship between fracture energy and
surface roughness using fractal dimensionality. Lu et al. [9,12—14] extended Williford’s work to
explain the uncertainties of predicting surface fractal dimensionality and illustrated (Figure 2) that the
intuitive sense of tougher materials having rougher fracture surface is not commensurate with
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experimental observations. The relationships between roughness of fracture surfaces measured by
fractal dimensions and toughness are exactly opposite for ductile and brittle materials. Composite

materials are reported to have both possibilities.

Figure 2. Relationship between fractal dimension of the fractured surface and fracture
energy of different materials [9,12-14].
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Objectivz of the work presented here is to quantify fractal dimensionality of the failure surfaces for
predicting the fracture energy and toughness of vinyl ester based nanocomposites. The methodologies
of estimating fractal dimension of the fractured surfaces are based on the classical Vertical Section
Method (VSM) and the Slit Island Method (SIM) described in literature [3]. For our work these
conventional methodologies have been adapted such that a digital microscope may be utilized to
capture the surface images, which are then digitally processed to create the roughness profiles required
for VSM, and the 2D cross sections required for SIM. This eliminates specimen preparation difficulties
and increases repeatability. Energy absorption due to fracture and toughness under quasi-static
uni-axial tensile and low velocity punch-shear loading is estimated analytically from the surface fractal
dimension. To verify the validity of these two procedures, conventional hot rolled A36 steel and grey
cast iron specimens that fractured under quasi-static axial tensile loading are also analyzed. A study is
conducted to quantify the sensitivity of both fracture energy and predicted fracture toughness to the
fractal dimension of the failed surface profile. An investigation on the viscoelastic response of similar
nanocomposites reported that the storage modulus varies with temperature as well as frequency in
multi-frequency Dynamic Mechanical Analyzer (DMA) [15]. Frequency dependent storage modulus
indicates the possibility of different failure characteristics of nanoparticle reinforced composites at
varied loading rates. The application of fractal analysis has been considered in the current research to

observe the post-failure characteristics of nanocomposite specimens subjected to two different loading
rates, I.e., quasi-static and low velocity punch-shear tests. The research findings reported in later
sections demonstrate the applicability of surface fractal analysis for nanocomposites.
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2. Experimental Section
2.1. Materials and Methods of Investigation

Pure Derekane 510A-40 brominated vinyl ester polymer is reinforced with 1.25 wt % xGnP
(exfoliated graphite nanoplatelates) and 2.5 wt % xGnP in two different batches. Two batches are
modified with a 10 wt % CTBN (Carboxy Terminated Butadiene Nitrile) rubbery toughening agent.
The exfoliation and homogeneous dispersion of the nanoplatelets in polymer matrix are performed
using sonication technique [16]. Coupons of these four different nanocomposite configurations are
tested in quasi-static axial tensile and low velocity punch-shear loading according to ASTM standards
D638 and D3763 respectively, and the improvement of mechanical properties is compared with respect
to the pristine Derakane 510A-40 brominated vinyl ester polymer samples [17,18]. Specimens that are
tested under low velocity punch-shear loading along with the corresponding material properties are

shown in Table 1.

Table 1. Specimens tested in low velocity punch-shear loading with the corresponding
quasi-static uniaxial tensile properties used for estimating fracture energy and fracture

toughness [17,18].
. Type of Elastic Ultimate strength
EyEaslet aie reinforcement  modulus (GPa) (MPa)
Brominated 510A-40
. None 3.35 73.45
Vinyl ester
Brominated 510A-40
rominate 1.25 Wt % xGnP 3.67 40.96
Vinyl ester
Brominated 510A-40
] 2.5 wt % xGnP 3.38 41.96
Vinyl ester

Brominated 510A-40  1.25 wt % xGnP +
Vinyl ester 10 wt % CTBN

3.48 44.58

Brominated 510A-40 2.5 wt % xGnP +
Vinyl ester 10 wt % CTBN

4.68 27.68

B-383




Materials 2012, 5 926

2.2. Vertical Section Method

The fracture surfaces of failed specimens are studied with a Keyence - VHX-600E digital
microscope [19] which generates a series of 3D-images (Figure 3a) at optical magnifications of 500x,
and 1000x to 5000x with 1000x increment. Global slope of the cracked surface may also contribute to
the variation in computed fractal dimension. At each magnification level, the profile roughness
(Figure 3b) is estimated by the ratio (R;) of vertical section profile length (obtained from 3D Profile
Measurement Software, VHX-H2MK Ver 1.1) to a fixed projection length of 50 um, consistent for all
cases. Surface roughness (Rs) is calculated using the following expression [3]:

. .
R, =—(R, -1)+1 )

The calibration factor, which is the constant horizontal distance between two consecutive data
points on the vertical section profile at a specific magnification level, is used as measurement scale (d).
The surface roughness (Rs) is related to surface fractal dimensionality (Ds ) [3] as:

R, (d)=Kd" : @)

where K is the model constant. The fractional part of Ds is evaluated from the slope of linear
regression of Rs versus d, plotted on log-log scale (Figure 4).

Figure 3. (a) 3D image and (b) vertical section profile of a typical fractured surface.
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Figure 4. Typical fraction of surface fractal dimension from the slope of regression line in
Vertical Section Method (VSM).
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2.3. Slit Island Method

The evident dependency of dimensionality on the ratio of area (S) and perimeter (P) is applied to
estimate the fractional part of Ds. Multiple fractured surface 2D images are captured-at 1000x
magnification by varying the depth of the focal plane of the microscope in 1 micron increment up to a
depth of 10 pm under ambient light source. These images represent the clos'ed-loop contour lines at
various focal depths. These images are converted to grayscale image for applying “Sobel” edge
detection method which returns Black-and-White (BW) images with edges computed based on
maximum image intensity gradient. A MATLAB® code, developed in-house, was used for performing
image-summation of ten depth-wise consecutive images (Figure 5a) to obtain slit islands at an
effective depth of 10 pm along with respective area and perimeter estimation. The image processing
functions aveailable in MATLAB® are applied to reduce noise. The white colored area in Figure 5b is
considered to be the “Slit Island”. The boundary of each island is plotted with a least-count that is one
pixel long (0.16 pum), which is considered here as the ‘yardstick’ for the Richardson approach in
estimating dimensionality of the fractured surface. The area of each island is obtained from the region

within this boundary.

Figure 5. (a) 3D topography of a typical fractured surface; and (b) Black-and-White (BW)
2D summed-image (1600 x 1200 pixels in 250 pm x 228.8 pm viewport) at 10 pm depth

representing islands.

The coordinate of each vertex on the boundary line is determined and the perimeter of each island is
estimated by the cumulative summation of the distances of two consecutive vertices. The area and
perimeter of all islands are summed to obtain the corresponding total area (S) and perimeter (P) of
fractal islands. The respective S and P are estimated using ten different ‘yardsticks’ of consecutively
increasing length. The least-square fit line is drawn in spread sheet application through S versus P
plotted on log-log scale (Figure 6). Slope of.this line indicates the fractional part of the fractal

dimension (Ds) for each crack surface [3].

B-85




Materials 2012, 5 928

Figure 6. Typical surface fractal dimension estimation from the slope of the regression line
in Slit Island Method (SIM).
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2.4. Fracture Energy and Toughness Estimation

The fractal dimension (Ds) of the fracture surface described in the previous section, is used to
determine fracture energy (Jic) using the following Equations [20]:

T = €L 3)
where,
ﬂS 2
C== @

Jic = fracture energy, L = scale of observation (approximated by consistent dimensionality), Sy = Yield
strength (ultimate strength for brittle materials), E = Young’s modulus. From the estimated fracture
energy (Jic), the toughness (Kjc) was evaluated using the following Equation [20]:

K =JJcE (5)

Parametric sensitivity of the fracture energy obtained from the fractal dimension has been
investigated using the well established Equations 3 and 4. Results plotted in Figure 7 show that
fracture energy decreases exponentially with linear increment of fractal dimension, indicating that the
fracture energy is highly sensitive to the magnitude of the fractal dimension.

Figure 7. Theoretical relation of fracture energy with fractal dimension in parametric
sensitivity study.
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3. Results and Discussion

A series of experiments to determine fractal dimensionality of the nanoreinforced fractured surface
are organized in two sections. The first section validates the applicability of the two methods to our
investigation. VSM and SIM are used independently to determine the fractal dimension of
conventional hot rolled steel and cast iron fractured under quasi-static axial tensile tests.
Dimensionalities so obtained are compared with the trend of tortuosity evaluated using the concept
explained in earlier studies [11,17]. A large difference is observed between the dimensionalities
obtained from VSM and SIM. The possibility for systematic errors is higher in Vertical Section
Method, which is based on surface fractal measurements covering a broad range of scales with limited
steps of magnification. However, such errors are reduced in the case of Slit Island Method, but at the
expense of introducing scale dependent estimates since the fractal dimensionality is estimated at a
certain scale. The dimensionality values of cast iron and steel obtained by VSM method are found to

be similar to values published in literatures [21,22], and follow a trend similar to that observed for

tortuosity. Fence analysis for fracture energy and fracture toughness of all specimens in current
investigation is based on the dimensionalities obtained from VSM. The second section determines the
fractal dimensionality of nanoparticle reinforced composite specimens fractured under quasi-static
tensile and under low velocity punch-shear loading. Average of fractal dimensionalities obtained from
five locations on the fractured surface of each specimen is estimated for further analysis. The
respective average fractal dimensionalities are shown in Table 2. In general, a higher dimensionality is
observed in dynamically punch-sheared specimens as compared to specimens that failed under

quasi-static axial tension.

Table 2. Surface fractal dimension of nanocomposites under quasi-static axial tensile and
low velocity punch-shear loading.

Quasi-static axial tensile test Low velocity punch-shear test
VSM* SIM* Tortuosity® VSM* SIM* Tortuosity *

A36 hot rolled Steel [18,19] 0.078  0.700 0.037 - - -

Cast Iron 0.159  0.865 0.085 - - -

Viny! ester e 0.139  0.348 0.026 0.181 0.742 0.042
Vinyl ester + 1.25 wt % xGnP 0.161 0.463 0.034 0.269 0.766 0.075
Vinyl ester + 2.5 wt % xGnP 0.189  0.662 0.039 0.127 0.647 0.051
Vinyl ester + 1.25 wt % xGnP + 10 wt % CTBN 0.182 0574 0.042 0.161 0.743 0.063
Vinyl ester + 2.5 wt % xGnP + 10 wt % CTBN 0214  0.622 0.056 0.127 0.703 0.050

* Fractional part of fractal dimensions; * Surface roughness {11,17].

Experimental results obtained using VSM are further analyzed to study the correlation of surface

, fractal dimension (Figure 8) with fracture energy, as well as fracture toughness, under both quasi-static
tensile and low velocity punch-shear loading. Nanocomposite specimens that fractured under
quasi-static tensile loading show an increase in the fracture surface dimensionality with increasing
graphite and CTBN reinforcement (Figure 8). Fracture energy and the corresponding fracture
toughness (estimated from average fractal dimensionality using theoretical Equations 3 to 5, and
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shown in Figure 9 (a,b) respectively) demonstrate a decrease in energy absorption due to fracture
surface creation with increase in nanoparticle reinforcement.

Figure 8. Surface fractal dimension (from VSM) of nanocomposites under quasi-static
axial tensile loading.
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Figure 9. Theoretically estimated (a) fracture energy and (b) fracture toughness of
nanocomposites under quasi-static axial tensile loading.
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Area under the experimental load-deflection response curve (Figure 10a) provides the total energy
absorption corresponding to all failure mechanisms (Figure 10b) under quasi-static tensile loading. It is
to be noted that all experimental data has been normalized to the respective specimen areal
density-NTAD [17,18].

Though fracture contributes to only a part of this total energy absorption, overall trend between the
theoretically estimated fracture energy and experimentally obtained total energy absorption are not in
good agreement for quasi-static axial tensile loading.
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Figure 10. Experimentally obtained (a) load-deflection response; and (b) total energy
(NTAD) absorption of nanocomposites under quasi-static axial tensile loading.
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In the case of low velocity punch-shear, the correspondence between surface fractal dimensionality
and nanoreinforcement is somewhat decreasing (Figure 11) except 1.25 wt % xGnP reinforced
nanocomposite which is indicating that the fracture surface for this nanocomposite configuration was
the most tortuous. The fractal dimension decreases, however, when this reinforcement is supplemented
with 10 wt % CTBN toughening agent. '

Figure 11. Surface fractal dimension (from VSM) of nanocomposites under low velocity
punch-shear loading. ‘
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Figure 12a compares the nanoreinforced fracture energy and toughness estimated theoretically
using Equations 3 to 5 for each material configuration. It reflects a similar decreasing trend with
respect to the experimentally obtained fractal dimension shown in Figure 11, except for the 1.25 wt %
graphite reinforcement. Figure 12b illustrates the fracture toughness of these nanocomposites
estimated fror Equation 5, and shows the same trend as fracture energy (Figure 12a). '
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Figure 12. Theoretically estimated (a) fracture energy; and (b) ffacture toughness of
nanocomposites under low velocity punch-shear.
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In low velocity punch-shear tests, damage propagation due to puncture is observed to occur after the
first peak load of the load-deflection response. Hence, as shown in Figure 13a, and also described in
Figure 1, the total load-deflection response is divided into two phases, i.e., damage initiation phase and
damage propagation phase. The load-deflection response (Figure 13b) from low velocity punch-shear
tests on the same set of nanocomposites was studied in a previous investigation [17]. The amount of
energy absorbed during each phase is the area under the corresponding portion of the load-deflection
curve. Fracture energy is only a part of the total energy absorbed during the puncture propagation
phase. In the post-test fractured specimens investigated here, the theoretically estimated fracture
energy (shown in Figure 12a) does not show a trend similar to either energy absorption due to damage
propagation (Figure 14a), or the total energy absorption (Figure 14b).

Figure 13. (a) Damage initiation and puncture propagation phase on a typical
load-deflection response of nanocomposites under low velocity punch-shear; and (b)
Experimentally obtained load (NTAD)-deflection response [17].
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Figure 14. Experimentally obtained (a) Energy (NTAD) absorption during puncture

propagation, and (b) total energy (NTAD) absorption of nanocomposites under
low-velocity impact.
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Figure 15 shows the ultimate strength of these graphite platelet reinforced nanocomposites obtained
experimentally from quasi-static uniaxial tensile tests. It is observed that the ultimate strength is
decreasing with increasing nanoreinforcement, similar to the theoretically estimated fracture energy
(shown in Figure 9a and Figure 12a), for both quasi-static and punch-shear failed specimens. The
surface fractal dimensionality (shown in Figure 8) increases with decreasing fracture energy and
toughness, for quasi-static tensile (Figure 9) loading. This trend is consistent with the ductile response
reported in literature [12], and as shown on the right side of Figure 2. On the other hand, low velocity
punch-shear tested specimens illustrate decreasing trend for both surface dimensionality (Figure 11)
and the fracture energy (Figure 12), which is in agreement with the brittle response shown on the left
side of Figure 2. These two different trends between the fracture energy and surface fractal
dimensionality for quasi-static and punch-shear loading are conceivable for composite materials [12].

Figure 15. Ultimate strength of vinyl ester nanocomposites from quasi-static axial tensile tests.
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4. Conclusions

Applicability of fractal analysis to the study of fractured surfaces in nanoparticle reinforced
composites has been investigated. During crack propagation, tortuosity varies at different scales, due to
which the fractured surface becomes self-affine at the nano, micro and macro-levels, whereas the
currently accepted methodologies are based on self-similar fractals. Hence, dimensionality varies with
measuring scales and/or magnification factors and different definitions of dimensionality as well.
Determining an invariant fractal dimensionality of the surface becomes dependent on sampling at
multiple scales and thus, more tedious.

In the case of nanoparticle reinforced composite materials, heterogeneity of the fracture surface
morphology at multiple scales dictates the possible uncertainty in determining an overall fractal
dimensionality. In Vertical Section Method, which is based on surface fractal measurements covering a
broad range of scales with limited steps of magnification, the possibility for systematic errors is higher.
In the case of Slit Island Method, however, since the fractal dimensionality is estimated at a certain
scale, such errors are reduced but at the expense of introducing scale dependent estimates. In the work
reported here the Vertical Section Method has been used.

In the work: reported here, it is observed that the fracture energy and toughness are highly sensitive
to fractal dimensionality. The fractal dimensionality increases with wt % increase in xGnP
reinforcement under quasi-static uniaxial tensile loading, whereas low velocity punch-shear tested
specimens show decreasing trend. An anomaly is observed, however, with 1.25 wt % xGnP which
shows the highest dimensionality in case of low velocity punch-shear. The estimated fracture energy
and toughness decrease with-nanoreinforcement increment for the specimens failed in both quasi-static
tensile and low velocity punch-shear loading. This decreasing trend is similar with that of the ultimate
strength obtained from quasi-static tensile test. For the graphite platelet reinforced nanocomposites
investigated, surface fractal analysis has depicted the probable ductile or brittle fracture propagation
mechanism, depending upon the rate of loading.
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ABSTRACT

This paper presents an investigation on energy absorption characteristics of nano-reinforced panels, laminated face
sheets and sardwich composites in high velocity ballistic and low velocity punch-shear experiments. The vinyl ester
panels were reinforced with 1.25 and 2.5 wt. percent nanoclay and exfoliated graphite platelets. Three different face
sheets were manufactured with E-glass, Owens Coming HP ShieldStrand® glass and T-700 Carbon woven fabric in
viny] ester; and one with the B-glass and graphite platelets impre §nated vinyl ester matrix. The sandwich comp031tes
were fabricated with balsa, PVC foam, 3D-fiber reinforced Tycor® and fire resistant fly-ash based Eco-Core® cores in
between E-glass/vinyl ester face sheets. Ballistic tests were conducted according to NIJ level III using a universal re-
ceiver equipped with a barrel to launch 0.308 caliber M80 ball round projectile at about 890 m/s. Low velocity
punch-shear tests were performed at around 3 m/s according to ASTM D3763 Standard using a drop-weight impact test
system. The tortuosity of the fractured surface in nanocomp031te specimens has been investigated using digital micro-
scope. In ballistic tests, the 3-D fiber reinforced Tycor® core provided the most resistance when projectile strikes at the
web-flange interface region. The 2.5 wt. pct graphite platelet reinforced nanocomposite, HP ShieldStrand® glass vinyl
ester face shects, and E-glass/Eco-Core® sandwich composite showed the best energy absorption under low velocity
punch-shear.

Keywords: Energy Absorption, Tortuosity; Ballistic; Punch-Shear; Nanocomposites; Sandwich Composites

1. Introduction vinyl ester panels, laminated face sheets and sandwich
composites has been investigated in the present work.
NIJ Ievel III Standard [7] was adopted for the high ve-
locity ballistic tests where a universal receiver equipped
with a barrel was used to launch 0.308 caliber M80 ball
round projectile at about 890 m/s. Dynatup 8250 drop-
weight impact test system was used for low velocity
punch shear tests according to ASTM D3763 Standard
[8]. Low velocity tests were performed on 101.6 mm x
101.6 mm (4” x 4”) square panel specimens with fixed
circular boundary condition and impacted by a hemi-
static, ballistic and low velocity impact punch-shear tests ~ SPherical-head plunger with added mass. The impact load
to define the elastic and absorbed energies of composites  displacement, energy plots and visual inspection of the
as a function of penetration displacement. Shaker eral, [4] ~ POSt damaged specimen described the punch shear re-
studied the- failoré meehinism of basket Weave Bad 3-D sponse and failure characteristics of these composites.
braided Kevlar-fabric reinforced epoxy composites under . L.
low and high velocity impacts. Hosur ez al. [5] carried 2. Material Description

out low velocity impact tests on quasi-isotropic CFRP  pjye different DERAKANE 510A-40 vinyl ester ther-

This research is primarily focused on developing stronger,
safer and more cost-effective structures for the new gen-
eration naval ships; especially nanoparticle reinforced
glass/carbon polymeric based composites and structural
sandwich composites for blast, shock and impact mitiga-
tion. These blzst resistant structures must endure the high
stresses produced by not only shocks and ballistic, but
also low velocity impacts. Minimal damage, with high
energy absorplion and penetration resistance is desired.
Gama et al. [1,2] and Xiao et al. [3] performed quasi-

¢l

CPmPOSitC laminates. Deka et al. (6] expl?.ined the multi-  moget nanocomposite panels, reinforced with 1.25 and
site impact response of laminate composites. The ballis- 55 wt. percent Cloisite 30B nanoclay and exfoliated
tic and punch-shear response of nanoparticle reinforced graphite (xGnP) nanoplatelets, were considered for the
*Corresponding acthor. nanocomposite specimen characterization. DERAKANE
Copyright © 2012 SciRes. oJCM
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510A-40 is a brominated bisphenol-A based vinyl ester
[9] consisting of 38 wt. pct. styrene, added with Buta-
none peroxide, N, N-Dimethylaniline, Cobalt Naphthen-
ate and 2-4-Pentanedione additives to impart maximum
fire retardance and chemical resistance with toughness.
The samples were prepared (at Michigan State University)
“by dispersing ¢f 510A-40 vinyl ester resin solution with
different percentages of nanoclay or nanographite in a
container for 4 hours, followed by multiple passes through
a flow cell connected to a 100 W sonicator for sufficient
exfoliation. The well-mixed vinyl ester resin solution
with nanoclay or nanographite was poured into a mold,
let stand for 30 minutes at room temperature and then
was post cured at 80°C for 3 hours.

Four different woven fabric laminated composite face
sheets were fadricated (at University of Alabama, Bir-
mingham) with Dow Derakane 510A-40 brominated vi-
nyl ester resin by the VARTM process. The base speci-
men is a five-ply E-glass woven fabric with laminate
schedule [(0/90)/(+45/-45)/(0/90)/(+45/-45)/(0/90)]. The
second face sheet was prepared with same laminate con-
figuration, but with 2.0 wt. pct. xGnP-15 exfoliated gra-
phite platelets pre-mixed in the vinyl ester resin before
fabrication, The third face sheet was made with five-
layers of Owens Corning high performance HP Shield-
Strand® glass fabric with similar laminate schedule and

resin. The fourth face sheet was made with only three
plies of FOE treated T-700 carbon fabric [(0/90)/
(+45/-45)/(0/90)] laminate schedule in same matrix.
Here the number of plies was reduced from five to three
to keep stiffness of this carbon fabric laminate consistent
with the other glass fabric face sheets.

Six different types of sandwich composites fabricated
with 2” thick Tycor® (an engineered 3-D fiber reinforced
damage tolerant core from WebCore Technologies),
poly-vinyl chloride (PVC) foam, balsa-wood and three
types of fire-resistant Eco-Core® (fly-ash based core ma-
terial mixed with chopped JM3 and OC2 glass-fibers)
sandwiched in between the five-ply E-glass/vinyl ester
face sheets were fabricated (at University of Alabama,
Birmingham) using VARTM process.

Areal density is one of the important parameters used
for comparing the blast resistance of different composites
with respect to steel [10]. All specimens investigated are
of lesser areal density than that of a 6.35 mm (0.25”)
thick structural steel plate with 48.8 kg/m* (10 1b/ft?)
areal density (Table 1). The dynamic responses are re-
ported here by normalizing the load and energy absorp-
tion data to their respective areal densities (NTAD).

3. Experimentation

The high velocity ballistic experiments were conducted

Table 1. Arcal densities of nanocomposites, laminated face sheets and sandwich composites.

Volume Density Areal Density Thickness
(kg/m’) (bvin’) (kg/m?) Qb/RY’) (mm) (in)
Pure vinyl ester 1338 0.048 140 2.867 10.0 0.39
1.25 wt. pct. nanoclay 1347 0.049 14.0 2.867 100 0.39
Nano-composites 2.5 wt. pct. nanoclay 1352 0.049 14.0 2.867 10.0 0.39
1.25 wt. pet. graphite 1352 0.049 14.0 2.867 100 0.39
2.5 wt. pet. graphite 1363 0.049 13.0 2,663 100 039
E-glass 1875 0.068 6.10 1.258 3.30 0.13
E-glass/xGnP 1747 0.063 8.40 1.721 4.80 0.19
Laminated face sheets
HP-glass 1833 0.066 5.50 1.123 3.00 0.12
T-700 Carbon 1398 0.051 220 0.449 1.60 0.06
E-glass/Tycor 386 0.014 226 4623 572 235
E-glass/PVC 360 0.013 204 4187 572 225
StndwichiE E-glass/Balsa 471 0.017 27.1 5.556 572 225
E-glass/Eco 0.0wt.pct. 637 0.023 36.8 7.540 572 225
E-glass/Eco4.5wt.pct CO2 664 0.024 37.8 7.738 572 225
E-glass/Eco4.5wt.pct. M3 664 0.024 383 7.837 572 225
Structural steel (for comparison) 7861 0.284 4838 10.00 6.35 025
Copyright © 2012 SciRes. oJcCM
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in accordance to the National Institute of Justice (INIJ)
Threat Level III (M80) Standard [7]. The test weapon
with an unvented velocity test barrel was mounted in the
Universal Receiver (Figure 1). The receiver was attach-
ed to a table with sufficient restraint to ensure accurate
shooting of repetitively fired rounds. Manually-loaded
bullets of 9.6 grams (147 grains), 7.62 mm (0.308”) no-
minal diameter and 28.2 mm (1.11”) length were covered
with an electro-deposited copper jacket. ’

Five specific shot locations were marked on each of
the sandwich composite panels, three of them were
closely located to get the relative ballistic interaction for
sequential shots. For the Tycor® sandwich panel two tar-
get marks wers at the web-intersection and other three
marks were at the foam core region, to characterize the
responses from different regions of the 3D-stitched core
sandwich. The infrared ballistic screens and the proof
chronograph captured striking and residual velocities
respectively to determine the energy absorption charac-
teristics of the sandwich panels.

Low velocity punch-shear experiments were performed
using Dynatup 8250 drop weight impact test system ac-
cording to ASTM D3763 Standard [8]. The specimen
clamp assembly (Figure 2) consists of parallel rigid steel
plates with a 76.2 mm (3”) diameter hole in the center.
Sufficient clamping force was applied to prevent slippage

Figure 1. (a) Ballistic test weapon and projectile (inset); (b)
Sandwich test specimen fixture and data acquisition system.

Copyright © 2012 SciRes.
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of the specimen during impact. Plunger assembly con-
sists of a.12.70 mm (0.5”) diameter steel rod of 50.8 mm
(2”) length with a hemispherical end of the same diame-
ter positioned perpendicular to, and centered on the
clamp hole.

Three samples from each type of nanoparticle rein-
forced vinyl ester panels, laminated face sheets and
sandwich composites were tested under low velocity im-
pact and the average data was considered for this inves-

- tigation. A steel plunger was used for penetrating the

specimens with the required impact energy and velocity.
Impact drop weight and height were determined such that
velocity slowdown at peak load point was less than 20%
of impact point and the applied impact energy was at
least three times the energy absorbed by the specimen at
peak load [8]. This configuration provided about 38 J of
impact energy and 3.6 m/s impact velocity for the nano-
composites and about 185 J impact energy and 4 m/s
impact velocity for the laminated face sheets and sand-
wich composites.

4. Results and Discussion

High velocity ballistic damage was observed to have maxi-
mum destruction in through thickness cross-sectional view
of Tycor® sandwich panel (Figure 3). The projectile, in
this particular case, penetrated the sandwich panel at

Figure 2. Low velocity punch-shear test system.
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web-intersection region. The projectile of only 0.308”
(7.8 mm) diameter penetrated the panel at about 890 m/s
velocity and created a inverted cone shaped damage
through the thickness of the panel. It punctured the first
face sheet leaving a small damage area on the skin. As in
punch-shear testing, the web-intersection region of Ty-
cor® provided significant resistance to the projectile and
deflected the penetration path randomly. The projectile
with high kinetic energy ripped off the web fibers and
foam pieces from their original locations. Large amount
of foam pieces came out from the core system bursting
out through the other end of face sheet, unweaving the
fiber strands and with fiber breakage over a large area on
the face skins. PVC, Balsa and Eco-Core® sandwiches
showed similar type of face sheet penetration on impact
side and back face side (Figure 3). The projectile with
high kinetic energy punctured the face sheets without
much delamination and permanent flexure. Only the fi-
bers were ripped off from the path of projectile. The soft
PVC, Balsa cores and brittle Eco-Core® did not offer
significant resistance to the projectile. The transversely
compressed PVC foam core was decompressed after bal-
listic penetration. Hence the projectile path was observed
to be narrower than the size of projectile. Balsa sandwich
allowed the prcjectile fo penetrate through its balsa core
with easy fiber-shear and transverse compaction, hence
the penetration hole had the same diameter of the projec-
tile. Eco-Core® fragments were dislodged from the cy-
lindrical path of the projectile creating a cylindrical pene-
tration hole of larger diameter.

A drop in the projectile velocities during complete pe-
netration through each sandwich panel was observed.
The kinetic energy (KE in J) absorbed by the target panel
was calculated [4] using Equation (1):

KE=%m(Vs—VR) 1)

where, m = projectile mass (kg), Vs = striking velocity
(m/s) and ¥V = residual velocity (m/s).

Figure 4 illustrates the overall energy absorption ca-
pacity (normalized to areal density) of the sandwich pan-
els. It shows that Tycor® core sandwich panel absorbed
maximum kinetic energy, whereas Balsa core and Eco-
Core® with 4.5 wt. pct. OC2 chopped glass fibers sand-
wich panel took the least. PVC foam core sandwich ab-
sorbed slightly higher energy than Balsa core sandwich
but much less than the Tycor® core sandwich panel.

Residual velocities of the projectiles were not recorded
for last three shots on PVC foam core panel and last four
shots of Tycor® foam core panel, which would have
given a better understanding of the material behavior.
Debris and other small particles from the punctured foam
masked these residual velocity measurements. This did
not happen in case of Balsa wood core panels. It is to be

Copyright © 2012 SciRes.

Figure 3. Sandwich composites made with five-ply E-glass
face sheets and light-weight cores after ballistic impact (a)
E-glass/Tycor impacted web-intersection; (b) E-glass/PVC;
(c) E-glass/Balsa; (d) E-glass/EcoCore 0.0 wt. pct.; (e) E-
glass/EcoCore 4.5 wt. pct. JM3 and (f) E-glass/Eco-Core 4.5
wt. pct. 0C2.
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Total energy (NTAD) absorption of sandwich composites
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Figure 4. Energy absorption of sandwich composites in bal-
listic tests.

noted that Shot ID 4 in Tycor® foam core panel shows
higher residual velocity as well as the back face of panel
shows large opening of the fractured skin at the shot lo-
cation, which indicates that the projectile momentum was
partly transferred to the large but light weight particle of
foam which moved faster than the bullet during exit. The
proof chronograph captured the higher velocity of the
particle and not that of the projectile. Under these cir-
cumstances, the proof chronograph was triggered by the
particle velocity which was higher than the projectile,
causing erroneous results.

In low velocity punch-shear tests, the radial growth of
damage in brominated 510A-40 vinyl ester nanoparticle
reinforced composite panels; centering impact point was
less for pure vinyl ester than its nanocomposites (Figure
5). Nanoclay reinforced composites were damaged equally
on both faces, whereas graphite platelet reinforced com-

posites showed more damage on the rear than impact side.

In some cases of graphite platelet reinforced nanocom-
posites, fracture propagated very less on impact side.
Penetration of plunger through the specimen required
some more load due to the shearing friction between
plunger wall and the inner surface of the punch through
hole, which resulted in additional energy absorption.

Post-test views (Figure 6) of laminated woven fabric
composite face sheets showed that radial growth of de-
lamination was less for the E-glass/vinyl ester face sheet
than HP-glass/vinyl ester face sheet and occurred on re-
verse side for bath. Due to opacity of E-glass/xGnP-vinyl
ester and T-700 Carbon/vinyl ester face sheets, the oc-
currence of delamination was not visible. In case of
T-700 Carbon/viny] ester face sheets, carbon fiber strands
were peeled off partially from back side. The shredded
fibers due to plunger penetration were clogged inside the
puncture hole.

The visual inspection (Figure 7) of sandwich compos-
ites made with five-ply E-glass face sheets and light-
weight cores showed that the radial growth of delamina-
tion is least in tougher core, and more in case of softer
cores. E-glass/Tycor sandwich shows three different

Copyright © 2012 SciRes.
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Figure 3. Back face fracture surfaces of brominated 510A-
40 vinyl ester nanoparticle reinforced composite panels
after drop weight punch-shear testing. (a) Pure vinyl ester;
(b) 1.25 wt. pet. nanoclay; (c) 2.5 wt. pet. nanoclay; (d) 1.25
wt. pet. graphite; (¢) 2.5 wt. pct. Graphite.

modes of failure due to impact at web-intersection, web-
line and direct foam zones respectively. It can be ob-
served that the softest foam-zone showed maximum de-
lamination whereas the web-intersection allowed least
delamination. Fly-ash based Eco-Core® is the toughest
but also has highest density among all. It showed less
delamination as well as less depth of penetration. PVC
and Balsa cores showed average performance with re-
spect to delamination and puncture.

Tortuosity of the fracture surface contributes to overall
energy absorption during fracture propagation [11]. For
brittle materials, Griffith criterion suggests that the en-
ergy absorbed by the crack growth is proportional to the
new surface formed due to crack propagation [12], i.e.,
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Figure 6. Laminated woven fabric composite face sheets
after punch-shear tests [(A) impact side and (B) reverse
side]. (a) E-glass; (b) E-glass/xGnP-15; (c) HP-glass; (d)
T-700 Carbon.

E= [PdxnW =2ya )

where, ¥ = specific surface energy (depends on mo-
lecular bonding of materials), @ = fracture surface area.
This surface energy (W) contributes significantly to
overall energy (E) absorption.

In this research, the fracture surface area and the frac-
ture surface roughness of post-test nano-reinforced spe-
cimens were estimated using a Keyence VHX-600E
digital microscope [13] with a view port of 228.8 pm x
305.0 pm. The fine depth composition function of this

Copyright © 2012 SciRes.

Figure 7. Sandwich composites made with five-ply E-glass
face sheets and light-weight cores after punch-shear tests (a)
E-glass/Tycor [impacted at (al) web-intersection, (a2) web-
line, and (a3) foam-region]; (b) E-glass/PVC; (c) E-glass/
Balsa; (d) E-glass/EcoCore 0.0 wt. pet.; (¢) E-glass/Eco-Core
4.5 wt. pct. JM3 and (f) E-glass/Eco-Core 4.5 wt. pct. OC2.
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microscope system captured multiple images that fo-
cused on 70 x 10° pm?* areas with 20 pm increments of
height for focul point and composed them into single
1000 times magnified 3D image. It created the 3-D data
points of the fractured surface included in the observa-
tion area. These 3-D data points mapped the actual to-
pography of fracture surface and estimated the tortuous
surface area of crack propagation under the view port
[14]. The longitudinal elevation (z(x)) of the surface to-
pography was used to plot fracture surface profile (L) [15]
and estimated the fracture surface roughness using Equa-
tion (3).

R, =% LL Iz(x)ldx 3)

Surface area and roughness were estimated at 5 dif-
ferent locations on the back face of the post impacted
specimen. The average data was considered statistically
reasonable for fracture analysis of the nanocomposite
specimens.

Pure vinyl ester showed the smoothest fracture surface
with an averags 3.6 um roughness and least 85.98 x 10°
um? surface area. Nanoclay reinforcement increased the
roughness a lit-le more [9.2 um and 11.2 pm]. Inclusion
of graphite platelet reinforcement showed very rough
fracture surface. Reinforcement with 2.5 wt. pet. graphite
platelet has 29.6 pm surface roughness with 143.71 x 10°
um? fracture surface area. Large data scatter showed the
heterogeneity of the fracture surface and the structure
which is considered inherent to composites.

The Dynatup impulse data acquisition software pro-
vided instantarieous impact point displacement and ap-
plied load data. The load versus deflection data were
plotted up to failure point for each tested sample. Corre-
sponding cumulative energy absorption data were gener-
ated using approximate integration method (trapezoidal
rule) (Equation (4)) [16].

E= [ PGiten [P, )+ 2P () P(5)] @)

where, P = instantaneous applied load and Ax = incre-
ment of material deformation.

Load versus deflection plot showed two distinct phases
of failure propagation for complete puncture [2,14].
These two phases are damage initiation, the phase up to
the peak load and puncture propagation, the phase of
rapid load reduction after peak load. The total energy
absorption was caleulated as the sum of the energy ab-
sorbed for damage initiation and puncture propagation
phases up to complete failure of the specimen. The total
energy absorptions are normalized to areal density
(NTAD) and shown in the form of bar charts to investi-
gate the punch shear response of vinyl ester nanocompo-
sites, laminated face sheets and sandwich composites

Copyright © 2012 SciRes.

under low velocity impact.

Pure vinyl ester and nanoclay reinforced vinyl ester
showed stiff but linear load-deflection response at dam-
age initiation stage. A little change of slope explained
fracture initiations and plastic flow. Graphite platelet
reinforced vinyl ester had distinctive multi-peak load
fluctuations at this phase. This response showed large
fracture generation at the rear side of the specimen. En-
ergy absorption was carried out mainly at this phase.
Vinyl ester nanocomposite panels showed sharp and
smooth load-reduction. Comparatively harder and brittle
graphite platelet reinforced nanocomposites absorbed
less energy in puncture propagation phase. Puncture
propagation phase absorbed less energy due to short du-
ration and material fragmentation occurred severely with
some hinging effects (Figure 8(a)). Nanoparticle rein-
forced vinyl ester panels showed more than 10% im-
provement in impact energy absorption with the addition
of 2.5 wt. pct. graphite platelets to pure vinyl ester. How-
ever, the nanoclay and 1.25 wt. pct. graphite platelet re-
inforcements showed a detrimental effect (Figure 8(b)).
Fracture surface area and respective fracture surface

Load (NTAD) vs deflection
Pure vinylester = =] 25wt.pct. Graphite
~em == . 25wt.pct, Nanolay 2.5wt.pet, Grapﬂite
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Figure 8. (a) Load (NTAD)-deflection response, and (b)
Total energy (NTAD) absorbed for punch-shear test of vi-
nyl ester nanocomposites.
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roughness (Figure 9) show their contribution to total
energy absorption. Maximum fracture surface area and
surface roughness for 2.5 wt. pct. graphite reinforced
nanocomposite contributed to highest energy absorption.
For rest of nano-reinforcement, the correlation between
fracture surface roughness/area and the total energy ab-
sorption is however not that good.

All laminated face sheets showed a smooth elastic de-
formation with close initial stiffness. NTAD result for
T-700 carbon fabric face sheet showed the highest stiff-
ness in later stage than that of the other configurations.
HP-glass/vinyl ester face sheet sustained maximum peak
load among all. E-glass/vinyl ester and T-700 Car-
bon/vinyl ester face sheets took more or less same
amount of load before puncture. E-glass/xGnP-vinyl es-
ter composite took least load in this phase. However, this
face sheet fairly deflected during the damage initiation
phase and hence absorbed maximum energy up to peak
load same as HP-glass/vinyl ester face sheet; whereas
T-700 Carbon/vinyl ester absorbed least energy. Some
prominent hinging effects of attached fiber fragments
with the surface of the plunger are observed in case of all
laminated face sheets. Only E-glass/xGnP-vinyl ester
composite showed comparatively smooth puncture pro-
pagation. HP-glass/vinyl ester composite face sheet pro
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Figure 9. (2) Fracture surface roughnesses and (b) Fracture
surface areas of vinyl ester nanocomposites.
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vided lot of resistance after peak load and continued to
cause delamination. Hence the load-deflection plot shows
a distinctive wavy plateau region at peak load (Figure
10(a)). Laminated woven fabric composite face sheets
showed that the addition of graphite platelets in vinyl
ester matrix absorbed approx. 10% more energy than
reference E-glass face sheet; whereas the FOE treated
T-700 carbon fabric displayed lowest energy absorption.
Maximum improvement in energy absorption (about
40%) was observed with Owens Corning HP Shield-
Strand® glass fabric face sheets compared to the E-glass/
vinyl ester (Figure 10(b)).

The sandwich composites showed (Figures 11(a)) five
clear peaks indicating failure of each woven fiber lamina
on the impact side of face sheets up to peak load. PVC
sandwich fails at minimum peak load. All other sand-
wiches took approximately same amount of load at this
phase. In case of sandwich composites, load reduction
was very less and slow. Plunger could not penetrate
much in the 2.25” thick sandwich specimens. Lot of
hinges demonstrated uneven resistance due to ripped

Load (NTAD)vs deflection
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Figure 10. (a) Load (NTAD)-deflection response, and (b)
Total energy (NTAD) absorbed for punch-shear test of la-
minated face sheets.
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Figure 11. (a) Load (NTAD)-deflection response, and (b)
Total energy (NTAD) absorbed for punch-shear test of
sandwich composites,

fiber and core materials which influenced significant
energy absorption after peak load. Sandwich composites
made with five-ply E-glass face sheets and light-weight
cores showed that PVC and Balsa sandwiches absorbed
more or less same energy. The Tycor® sandwich com-
posite has glass fiber webs embedded in the foam core.
The punch-shear energy absorption at the intersection of
the webs was observed to be double of that at foam-re-
gion.

The response at web line was an average of that at
other two locations. Spatial non-uniformity of the core
resulted in large data scatter, with the average response
of Tycor® sandwich composite similar to that of PVC
foam and balsa wood sandwich composites. The higher
density of Eco-Core® core provided significant resistance
to plunger penetration during impact which resulted in
higher energy absorption than other sandwich composites
made with light-weight and softer core. The energy ab-
sorption normalized to areal density (NTAD) showed
(Figure 11(b)) Eco-Core® sandwich composite having
10% better energy absorption among all, though the

Copyright © 2012 SciRes.

¢-103

chopped glass fiber reinforcement in core did not con-
tribute much in energy absorption improvement. Tycor®
sandwich composite absorbed maximum energy only
when plunger impacted at web intersection region.

5. Conclusions

Sandwich composites were tested under both low veloc-
ity punch-shear and high velocity ballistic loading. On
impact at the web-reinforcement intersection region, Ty-
cor® sandwich absorbed significant amount of energy in
both punch-shear and ballistic tests. However consider-
ing overall average performance of the samples, Eco-
Core® performed the best in energy absorption during
punch-shear tests, but performed poorly in ballistic tests.

High velocity impact loading by a small projectile was
observed to be more detrimental to the integrity of a com-
posite structure than low velocity drop weight punch-
shear impact loading. Intra-lamina delamination, fiber
breakage, face sheet-core separation were more visible in
case of high velocity ballistic impact than low velocity
punch-shear. The larger impact plunger with lower im-
pact energy damaged the core system lesser than the high
velocity projectile. Ballistic penetration occurred in
Eco-Core® sandwich by dislodging brittle core fragments
and creating a through cylindrical hole, Punch-shear test-
plunger could not even penetrate more than 0.6” in 2.25”
thick Eco-Core® sandwich composites.

Multi-site high velocity projectile impact testing was
conducted on sandwich panels of E-glass/vinyl ester
skins with different core materials, The residual velocity
of the projectile was highly influenced by the energy
absorbability of core materials. Sequential impact caused
an increase in delamination damage along with complete
core perforation and fiber breakage. The visual analysis
of post-impact composite panels concludes that projec-
tiles passed through the panel thickness, tearing and de-
laminating the E-glass/Vinyl ester skin and penetrating
core materials. The delamination and puncture of the skin
due to penetration occupied more area at the back face
with respect to the front face due to high deceleration
rate. Less deceleration of the projectiles was observed for
sandwich specimens with balsa and PVC and Eco-Core®
cores. Minimally damaged regions indicate lower energy
absorption capacity. These unreinforced cores offer less
shear resistance at high velocities, while energy absorp-
tion enhances with core reinforcement. Tycor® core
sandwich panel absorbed maximum kinetic energy,
whereas other sandwich panels performed worse in en-
ergy absorption. PVC foam core sandwich panel ab-
sorbed little bit more energy than other sandwich panel.
Eco-Core® sandwich panels could not absorb much ki-
netic energy of the projectile.

Low velocity punch-shear test results show more than
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10% improvement in impact energy absorption with ad-
dition of 2.5 wt. pct. graphite platelets to pure vinyl ester,
whereas addition of nanoclay and 1.25 wt. pct. graphite
platelet reinforcements showed detrimental effect. Owens
Cormning HP ShicldStrand® glass fabric face sheets showed
maximum improvement in energy absorption (about 40%)
compared to the E-glass/vinyl ester. High areal density of
Eco-Core® sandwich composites showed very high en-
ergy absorption among all of the sandwich specimens.
The even assessment of energy absorption among these
panels have been carried out by normalizing their load
taking capacity and energy absorptions to their respective
areal densities (NTAD). Eco-Core® sandwiches per-
formed the best in energy absorption; with chopped fiber
reinforcements not providing any improvement. Normal-
ized test results showed that Tycor® sandwich composite
absorbed higher energy at the web intersection regions.
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ABSTRACT: Materials used in blast, penetration, and
impact loaded structural applications require high strength
and toughness under high strain rate loading. 510A-40 bro-
minated bisphenol-A-based vinyl ester resin was developed
and reinforced with different loadings of nanoclay and exfo-
liated graphite platelet to produce composites with optimal
flexural rigidity, vibration damping, and enhanced energy
absorption. As these reinforced polymeric materials are
viscoelastic in principle, the mechanical behavior was char-
acterized under two extremes of strain rate loading. In this
article, the macroscopic response of brominated vinyl ester
reinforced with 1.25 and 2.5 wt % nanoclay and exfoliated
graphite platelet is considered. Air-blast experiment was
conducted by subjecting these specimens to a high-transient
pressure in a shock-tube with flexural loading configura-
tion. The axial response was investigated quasi-statically in
a uniaxial tension/compression test and dynamically in a

compression Split-Hopkinson bar test. The servo-hydraulic
MTS system was used to simulate the shock-tube testing in
a flexural quasi-static loading configuration. High strain
rate properties obtained from shock-tube experiment are
compared with that of characterized under the simulated
quasi-static flexural loading. Further, a computational finite
element analysis model was developed in ANSYS LSDYNA
to predict with reasonable accuracy the dynamic response
of shock-loaded nanoreinforced specimens. Drop in both
failure strain and energy absorption was observed with the
addition of nanoparticles to pristine vinyl ester. However,
an improvement in energy absorption was observed in case
of shock-tube loading at high strain rates as compared
to that loaded quasi-statically. © 2012 Wiley Periodicals, Inc.
J Appl Polym Sci 126: 1895-1905, 2012

Key words: nanocomposites; reinforcement; clay

INTRODUCTION

Traditional composite materials are no longer capa-
ble of satisfying rigorous requirements for materials
with enhanced mechanical and thermal properties,
nor can they be engineered to control properties at
the atomic scale. The essence of such control in
properties has derived from the fact that the bulk
properties of materials under external loading such
as impact pressure or temperature are largely
dictated by their molecular level oxientation. Eventu-
ally, nanocomposite systems could be built at
the molecular level to create large structures with
primarily new molecular organizations.

What makes nanocomposites attractive is the
extremely great interaction between small-scale par-
ticles and the matrix resin within the nanostructure.
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An interphase of 1-nm thick represents about 30% of
the total volume in case of nanocomposites where as
it reaches to 0.3% of the total volume of polymer in
case of microparticle-filled composites.! The large
interfaces within the nanostructure also enhance ad-
hesion energy which translates into increase molecu-
lar bonding, and this increase in chemical bonding
develops the polymer crosslinking and improves
both mechanical and thermal properties. Conversely,
a negligible contribution made by the interphase
provides diverse possibilities of performance tailor-
ing and is able to influence the properties of the
matrices to a much greater extent under rather low
nanofiller loading,

In addition to possessing extremely high mechanical
properties (strength and modulus),> which are the
apparent advantages for polymeric nanocomposites,
nanotubes, for instance, are predicted to have an
interesting mode of plastic behavior, that is experience
a step-wise diameter reduction (local necking) and
lattice orientation change.® Such highly bendable elas-
tic stretching is extremely useful and could play an
important role in increasing the toughness of nanotube-
filled composites by increasing the energy absorbed
during deformation. Significant improvement in the
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tensile properties of polypropylene composites
has also been reported in terms of stiffening, strength-
ening, and toughening with a low-filled content of
about 0.5%.*

Scope of this investigation is to study this class of
nanocomposite: system against blast loading applica-
tions. Applications involve marine composite
structures; particularly, lightweight glass/carbon
polymeric-based composites, and innovative con-
cepts for the mitigation of blast/shock/impact
effects. Sandwich composites with balsa and foam
cores are presently being featured in the number of
navy applications such as in surface ship deck struc-
tures, radar mast, and boat hulls. Several new and
emerging cores have been explored in sandwich con-
struction. Different core types have been considered
including Tycor (TYCOR® from Webcore Technolo-
gies) is an engineered three-dimensional fiber rein-
forced damage tolerant core for sandwich structures
and has the potential to provide improved blast and
ballistic resistance. This article presents our recent
results on processing of brominated vinyl ester
structural composites with nanoreinforcement for

marine composite applications. Instead of using the.

commercial Derakane 411-350 vinyl ester resin, a
510A-40 brominated bisphenol-A-based vinyl ester
consisting of 33 wt % styrene was developed and
modified to produce the maximum degree of fire
retardancy combined with enhanced chemical resist-
ance and toughness. These brominated 510A-40
vinyl ester resin systems are planned to be used in
the composite face sheets of sandwich structures
with fire-resistant foam layered in between to fur-
ther reduce flammability along with optimal flexural
rigidity, vibration damping, and enhanced energy
absorption. :

Bromination of vinyl ester resin was found to
exhibit good corrosion resistance, toughness, and
imparts retardancy of fire, smoke, and toxicity which
are of significant concern in ship structures.®

Effects of bromination on the viscoelastic proper-
ties of Derakane vinyl ester reinforced with 1.25 and
2.5 wt % nanoclay and graphite nanoplatelets were
investigated using DMA.® Frequency sweep across
three decades: 0.01, 0.1, 1, and 10 Hz was performed
over temperature range from 30 to 150°C at a step
rate of 4°C/min. The time-temperature superposi-
tion principle was applied to create master curves of
dynamic storage modulus at a reference tempera-
ture. Results revealed drop in initial storage modu-
lus with bromination for all the tested specimens;
however, pure vinyl ester and nanocomposites with
bromination exhibited higher glass transition tem-
perature and damping (Tan 5 peak).

Bromination outcome on punch shear characteris-
tics for laminated face sheets and sandwich compo-
sites of vinyl ester nanocomposites was investigated
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using Dynatup 8250 drop-weight impact instru-
ment.” Test results showed that more than 10%
improvement in impact energy absorption with
addition of 2.5 wt % graphite platelets to brominated
resin.

Understanding the panel response to shock loads,
and developing accurate mechanical models will
help in establishing future design criteria. In this
article, the shock response of brominated 510 A-40
vinyl ester with 1.25 and 2.5 wt% nanoclay and
graphite platelet is studied. The Split-Hopkinson
bar, shock-tube, and the servo-hydraulic Material
Testing System were used to characterize the
mechanical response of these nanocomposites. A
computational efficient FEA model is developed to
predict the shock response of these nanoreinforced
specimens. Further, the FEA approach was imple-
mented to validate the conducted experiments.

EXPERIMENTAL
Materials and sample preparation

The matrix used here is a DERAKANE 510A-40
vinyl ester resin (manufactured and supplied by
Ashland specialty chemical, Division of Ashland
INC, Columbus, OH). This DERAKANE 510A-40
vinyl ester resin is a brominated bisphenol-A-based
vinyl ester consisting of 38 wt % styrene, and modi-
fied to produce the maximum degree of fire retard-
ancy combined with enhanced chemical resistance
and toughness. These additives are butanone perox-
ide, N,N-dimethylaniline, cobalt naphthenate, and
24-pentanedione, all supplied from Sigma Aldrich,
St. Louis, MO.

Exfoliated graphite nanoplatelets (xGnP) were
produced at Michigan State University according to
the method described in Ref. ® The nanoclay was
Cloisite 30B from Southern Clay Products, Gonzales,
TX. The xGnP nanocomposites have exfoliated and
dispersed graphite platelets with 1-nm thickness and
several hundred nanometers widths. Distance
between layers is in the range of 10-30 A and size of
the layered graphite extends from several hundred
nanometers to several microns. Figure 1(ab)
shows morphology using TEM and SEM for xGnP
inside the matrix and Figure 1(c) shows nanoclay
dispersion.

Specimens were prepared by dispersing about 6.6
Ibs of epoxy vinyl ester resin solution with different
percentages of nanoclay/nanographite in a 1-gal
container for 4 h, followed by four passes through a
flow cell connected to a 100-W sonicator. In brief,
1% butanone peroxide, 0.2% of 24-pentanedione,
0.1% N,N-dimethylaniline, and 0.2% cobalt naph-
thenate were added to the mixed vinyl ester resin
solution in order and mixed for 10 min. The above

p-106




EXPERIMENTAI. AND FINITE ELEMENT MODELING

Figure 1 Morphology of nanoparticles dispersion (a)
edge view (TEM) of xGnP, sb) lateral view (SEM) of xGnP,
and (c) Cloisite® nanoclay.! '

mixed resin solution was mixed for 2 min with
FlackTek speed mixer at 3000 rpm. The well-mixed
vinyl ester resin solution with nanoclay/nanogra-
phite was poured into a 13" x 13" x 04" mold, let
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stand for 30 min at room temperature, and then was
postcured at 80°C for 3 h.

Quasi-static axial test -

Tensile Quasi-static tests on 10-in long specimens
were carried out on the Material test system Model
3180 (MTS System, Minnesota, MN) ‘operating at a
cross-head speed of 0.05 in/min (corresponding to
a strain rate of 0.001/s). Tests were carried out
according to ASTM D 638-08 ASTM.? An extensome-
ter was employed to measure plastic deformation,
and lubricant was applied between the specimen
and the loading platens to reduce friction.
Compressive tests on another set of 5.5-in speci-
mens were performed on same machine operating at
similar crosshead speed as in tensile test. The com-

- pressive force was introduced to the specimen by a

typical combined loading compression test fixture
according to ASTM D 6641.'° A strain gatuge was
attached to the specimen in the compression test
setup to measure axial deformation up to 3% strain
from which the compressive modulus was estimated.

Hopkinson bar tests

Split-Hopkinson Pressure Bar (SHPB) is utilized in
the high-strain-rate testing of these nanomaterials at
a strain rate of 1500/s. The pressure bar consists of a
striker bar, an incident bar, and a transmission bar
made of steel. Schematic diagram of the SHPB is
shown in Figure 2.

A 05-in diameter testing specimen is placed
between the incident bar and the transmission bar.
When the striker bar impacts the incident bar, an elas-
tic compressive stress pulse (shock wave), referred to
as the incident wave, is generated and travels along
the incident bar toward the specimen. The pulse dura-
tion equals the round-trip time of longitudinal elastic
bar-wave in the striker bar. When the incident wave
reaches the specimen, part of the pulse is reflected
back in the incident bar owing to impedance mis-
match at the bar/specimen interface, and the out-
standing is fransmitted through the specimen into the
transmission bar.

Strain gages are mounted on the bars; provide
time measures of the pulses in the incident and the
transmission bars. Dynamic stress-strain and strain
rate are calculated based on a one-dimensional elas-
tic bar-wave theory for pulse propagation using
Lagrangian diagram.™

. Specimen
Sinic’r Incident bar Transmitted bar
L F [_] ] 1
Strain gage (z.¢,) Strain gage (e,)
Pulse Shaper

Figure 2 Schematic of Split-Hopkinson pressure bar.
Journal of Applied Polymer Science DOI 10.1002/app
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Figure 3 Typical shock pressure profile obtained in
shock tube. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

Air blast loading

A shock tube typically consists of high-pressure
(driver) and low-pressure (driven) sections separated
by a diaphragm. The driver and driven sections have a
6-in inner diameter and the converging section begins
as 6-in diameter and ends 3 in. The tube is operated
- by pressurizing the high pressure section until the
pressure difference across the diaphragm reaches a
critical value and it ruptures. This rapid release of gas
creates a shock wave that propagates down the tube to
impart air blast loading on a specimen.

The shock-loaded brominated nanoreinforced pan-
els were rectangular plates of 10-in long, (4¢-in wide
and 0.39-in thickness). These plates were held under
simply supported boundary conditions so as to min-
imize damage owing to gripping and clamping. The
span of the simply supported plate was 6 in, and
the overhangs measured 2 in along each end. The
center of the specimen was kept in line with the
center of the shock tube and the ratio of the loading
diameter to the span was 0.5. The specimens were
blast loaded from the muzzle of the shock tube on
the face opposite to the supports.

The shock tube is instrumented with pressure and
velocity measurements to provide real-time data
about the shock pressure and shock velocity. A PCB
134A23 dynamic pressure sensor is mounted at the
muzzle section of the shock tube and graphite rods
are used to measure the shock velocity.

A typical pressure history obtained from shock
tube is shown in Figure 3. The first peak pressures
obtained in such experiments are called as “input
shock pressure.” The second peak is the “reflected
shock pressure” from the specimen that the shock
blast is impinged upon.

Flexural quasi-static test

The Material Test System machine operating at a
crosshead speed of 0.05 in/min (corresponding to
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a strain rate of 0.001/s) was again used to evaluate
the material response under flexural loading with
similar boundary and loading configuration as in
shock tube experiment. Specimen dimensions and
span length of the simply supported conditions were
kept similar to shock tube experiment. Quasi-static
experiments were conducted under flexural defor-
mation loading using a three-point bending fixture.
A 3-in diameter steel cylinder was attached to the
load cell through a threaded stud, creating a circular
loading configuration (match the shock pressure).
The steel cylinder is then embedded inside a bag
filled partially with sand in the bottom to simulate
uniform pressure distribution up to failure of the
specimen. Figure 4(ab) shows this experimental
setup in the MIS system, with and without the
sand-bag attached. Loading conditions in Figure 4(b)
simulate distributed loading conditions (similar to
shock tube test), whereas the load in Figure 4(a) sim-
ulates a four-point loading configuration.

A C-clamp fixture was used to mount two external
linear variable-differential transformers (LVDTs) at
the middle on both sides of the specimen to capture
midspan deflection and connected via a strain

Figure 4 Quasi-static loading of nanoreinforced speci-
men, (a) without a sand bag, and (b) with the sand bag (to
simulate distributed shock tube pressure loading). [Color
figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]
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Figure 5 Boundary conditions for shock and flexural
quasi-static tests..™

indicator box. Load and stroke displacement were
obtained from the load cell and actuator movement.
It should be noted that the midspan deflection
(measured by LVDTs) was not the same as the
stroke displacement of the system crosshead, and
the two data sets have been synchronized independ-
ently over time.

Strain rate analysis

An approximaticn of the strain rate under quasi-
static flexural lozding is computed'? using bending
moment analysis to assess numerical work. The
quasi-static flexural strain, £(f) can be obtained from
Hooks law as:

oft) =2 ®

Strain-time history for outermost fiber of brominated vinyl
ester loaded under flexural quasi-static

0.035
0030 /]L/_l

0.025 // |

0.020
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0,005 /

0.000
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T T 1
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Time (s)

Figure 6 Transient strain history for the outermost fiber
of brominated vinyl ester, loaded under flexural quasi-
static test.
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where E and I are young modulus and area moment
of inertia, respectively, and y is the distance from
the neutral axis. The induced bending moment, M(#),
was computed from the load time history obtained
at each time step (f). The load (F) applied on the
circular region was approximated as a distributed
loading, w, (Newton/meter) acting on a rectangular
area along the beam width of length, 4, and width,
b, as shown in Figure 5.

With this approximation, the maximum bending
moment at the midspan is given by:

M) =-;-F (@2l —a) @

Substituting the values of M(t), ¥ and I into eq.
(1), £(#) is given as:

1F(f) (2 —a) (d/2)
) =5 E@p/0) @)

where d is the beam thickness. The strain versus
time evaluated as a function of the load history, F(t),
was plotted using eq. (3) for both the quasi-static
flexural and the shock loading. The only difference
is that the pressure data obtained as an output from
shock have been converted into force by multiplying
with the effective area. It should be noted that this is
only an approximation as the Young modulus (E)
obtained from quasi-static tensile testing was used
in eq. (3) for obtaining transient strain history.

A graph showing the computed strain versus time
for brominated vinyl ester under quasi-static and
shock loading is shown in Figures 6 and 7, respec-
tively. Vinyl ester specimen was observed to posses
relativley higher strain over longer duration of time
under quasi-static loading. As per this approach, the

Strajn-time history for outermost fiber of brominated vinyl
ester loaded under shock

0.014

0.012 4

0.010 -

Strain

0.008

0.006
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0,002

0.000 T v T ]
0 500 1000 1500 2000
Time (microseconds)

Figure 7 Transient strain history for the outermost fiber
of brominated vinyl ester, loaded under shock.
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Figure 8 Tension and compression stress—strain data for
(a) brominated vinyl ester, and (b) brominated vinyl ester
with 2.5 wt % xGnP.

strain rates computed for quasi-static and shock
loading were 0.0001 and 1000/s, respectively.

EXPERIMENTAL RESULTS

In general, failure mechanism of nanoreinforced
composites is more complicated than common fiber/
laminate composites. This is because the fact that the
distribution of nanoparticles in the matrix can be ei-
ther random or in preferred orientations, and thus
the stress distribution within the nanostructure can
be extremely complex.

For a viscoelastic material, rate of loading is a fun-
damental characteristic, as energy absorption up to
failure may vary for different strain rates. Therefore,
the mechanical response and energy absorption
characteristics under different strain rate loading
were considered.

Quasi-static tension and compression

Typical stress—strain curves for both tension and
compression of some nanocomposite specimens are
shown in Figure 8. In fact, the system with 2.5%
xGnP infusion has both the lowest strength and the
lowest failure strain [Fig. 8(b)] but stable stiffness
among the two systems was observed. That was not
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surprising much owing to the fact that the previous
studies with nanoparticle® did not show such
improvement.

Possible reasons for drop in failure strain could be
that the xGnP reinforcement did not contribute
much to the elongation, and that the failure was
mostly controlled by nucleation of cracks (inclu-
sions) which are the predominant forms of damage
during failure under quasi-static loading. These
cracks begin to nucleate either at inhomogeneities
such as nanoparticle sites and interact with defects
(pores) within the resin neat creating a larger crack
area with more energy dissipated.

Shock loading

Theory of shock wave propagation indicates that
rupture occurs when successive shock waves meet
after multiple reflections over an interface (nanopar-
ticles), which results in what so-called spalling. The
deflection history of the shock-loaded nanocompo-
site samples was captured in frames of 150 microsec-
ond time duration as shown in Figure 9. The shock
loading is observed to induce maximum deflection
at the center of the panels and reduced gradually
toward the end.

Viscoelastic material is typically become stiff when
subjected to high strain rate loading. This is typically
observed in most of the nanoreinforced systems.
Increase in stiffness at high strain rate was also dic-
tated from stress-strain curves obtained using the
SHPB. The stiffer material can lead to a lower deflec-
tion which in turn shows lesser energy absorption.

Energy absorption

The energy absorbed by vinyl ester nanocomposites
obtained from numerical integration of the load ver-
sus midpoint deflection is shown in Figure 10.
Energy absorption is studied at different strain rates
by comparing behavior of nanocomposites in case of
shock with those simulated flexurally in MTS. As
mentioned before, loading configuration (distributed
pressure profile) was kept the same in both experi-
ments. All specimens loaded quasi-statically were
observed to have less mid-deflection as compared to
those tested in shock. For example, specimens with
xGnP showed an increase in energy absorption up
to 150% in shock as compared to quasi-static.
Conversely, in case of both shock and quasi-static
loading, addition of either nanoparticles (nanoclay
and xGnP) to brominated resin resulted in drop in
failure strain and energy absorption capability.

In case of shock loading, energy behavior varies
from nanocomposite system to another based on type
and amount (wt %) of nanoparticle used. For exam-
ple, comparing the central deflection in Figure 10,
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Figure 9 Typical real time images for vinyl ester under shock loading.

nanoclay system exhibited greater deflection as com-
pared to xGnP of the same weight loading (black
bars). In contrast, the energy behavior is about the
same for both systems with 2.5 wt % nanoclay and
2.5 wt % xGnP as shown in Figure 11. This phenom-
enon can be owing to some error/uncertainty in proc-
essing energy absorption out from force-deflection
data set for the two experiments.

To sum up, addition of nanoparticles of either
xGnP or nanoclay to brominated resin did not show
such improvement in deflection and energy absorp-

Mid-point deflection (mm) from shockand quasistatic experiments

O Quasistatic @ Shock-bading
20
18
£ 18
g —4
] 14 1—
3 124 T
<
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¢
:
4 4+—4
2 4+
0 T T -
Pure 1.25% 25% 1.25% xGaP 2.5 % xGnP
nanoclay nanochy

Vinyl esler nanocomposites

Figure 10 Midpoint deflection at failure under both
quasi-static flexural and shock experiments.

tion quantities. Moreover, tremendous drop in
mechanical properties (energy absorption) is more
pronounced with adding xGnP rather than that asso-
ciated with nanoclay reinforcement. On the contrary,
another study reported 10% improvement in impact
energy absorption with addition of 2.5 wt % graph-
ite platelets to brominated resin.”

Finite element approach

Finite element modeling of brominated vinyl ester
nanocomposite beam specimens subjected to both

Energy (J) comelated from sample mid-point deflecion
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60
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Figure 11 Energy absorption characteristics for both
quasi-static flexural and shock experiments.
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Figure 12 Solid 168 element geometry.

shock and quasi-static flexural loading was
attempted in this study. The nanocomposite materi-
als are considered isotropic because the nanopar-
ticles are randomly dispersed in the vinyl ester
matrix. ANSYS LS-DYNA with explicit analysis was
used to predict the dynamic response of the shock-
loaded materials, whereas ANSYS was applied for
modeling the quasi-static flexural experiment. Solid
168, a higher order 3D, 10 node tetrahedral struc-
tural solid explicit dynamic element was used for
modeling (Fig. 12).

Modeling of the beam structure was established
by connecting appropriate key points in the same
way as in shock tube setup. A refined mesh in the
loading area (circular) and a course one in the outer
regions were applied. As the specimen was held
under a simply supported boundary condition with
a 6-in span length, the respective lines in the model
were restrained to move in the (loading) z-direction.
Also, the center (origin) node on the specimen and
the center of the left support were restrained to
move in xy-plane to avoid twisting mechanism as
shown in Figure 13. Deformed shape of the structure
owing to load applications under both experiments
with midpoint deflection was captured from the
finite element simulations.

Shock tube analysis

A nodal load was applied in the shock experiments
on all nodes of the circular region owing to the
inherent problems in applying area load in a 3D ele-
ment under explicit ANSYS-LSDYNA analysis. Load
on the nodes on periphery of the circle (external
nodes) was half in magnitude to- that on nodes
inside the circular region (internal nodes). There
were totally 4965 internal nodes and 240 external
nodes on the loading area of which the FEA solution
stabilized. Load was applied with the discreet values
obtained from the pressure profile curve and was
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divided in 5085 (4965 +-240/2) equal parts. Load
was applied in the form of two arrays with one row
containing time data and the other row containing
the respective load values. Two more arrays were
generated, one for internal nodes and one for exter-
nal nodes. Time at which maximum deflection was
observed in shock experiments has been defined as
the time at end of the load step.

Two different material models have been applied
in FEA to simulate the shock response of these nano-
composites. The first material model used was the
standard piecewise material model. This model pro-
vides a multilinear elastic—plastic material behavior
that allows stress versus strain curve and strain rate
dependency. Engineering stress-strain and failure
strain were obtained from high strain data (Hopkin-
son bar) and converted to true stress-true plastic
strain, defined as a material input. The failure crite-
rion is defined by the effective failure plastic strain.

The linear viscoelastic material model introduced
by Herrmann and Peterson was applied in the FEA
analysis of shock tube loading. This principle asserts
that the total strain (stress) resulting from the appli-
cation of a sequence of stresses (strains) is equals to
the sum of strains (stresses) caused by individual
stresses (strains). To define a linearly viscoelastic
constitutive model in FEA, the experimental stress
relaxation data obtained from DMA tests over a
wide range of temperatures were shifted to a room
temperature, and then fitted into eq. (4) as shown in
Figure 14. According to this model,” the parameters
G (relaxation modulus at oo time), G, (initial relax-
ation modulus), K (bulk modulus), and the constant,
B, are required to define the linear viscoelastic model
in ANSYS LSDYNA.

&(t) = Goo + (Go — Goo)e P @)

The elastic bulk behavior is assumed when calcu-
lating the incrementally integrated pressure (P) from

Figure 13 Finite element model of shock tube experiment
with boundary conditions. [Color figure can be viewed in the
onlineissue, which is available at wileyonlinelibrary.com.]
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Figure 14 Shear relaxation modulus for vinyl ester as
function of time from DMA.

volume (v). Thus, the total stress calculated based on
the linear viscoelastic model is given as:

t
oy = 2/ ot —1) [?sgi).] drv+ (Klnv)S,-,- 5
4 .

T

Following maps as in the previous analysis (Fig.
7), a transient strain history of the outmost fiber for
vinyl ester modeled under shock is shown in Figure
15. FEA results in terms of the maximum strain and
strain rate of the outermost fiber do agree well with
that obtained experimentally as per the linear bend-
ing approach (Fig. 7).

Figure 16 shows the deformation of pure vinyl
ester subjected to 120 psi peak pressure obtained
from finite element modeling.

FE A-strain of outermost fiber for the shock-Joaded vinyl ester
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Figure 15 FEA strain of outermost fiber for the vinyl
ester specimen under shock.
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Figure 16 Deformation of pure vinyl ester subjected to
120 psi pressure in a shock tube. [Color figure can be
viewed in the online issue, which is available at
wileyonlinelibrary.com.]

Figures 17 and 18 show midpoint deflection (out-
ermost fiber) at failure for brominated vinyl ester
with nanoclay and graphite platelet nanoreinforce-
ments, subjected to 120 psi peak pressure and also
the predictions obtained from finite element analysis
using both piecewise linear (high strain rates data)
and viscoelastic response as input parameters. It is
observed that the viscoelastic model gives a margin-
ally better prediction of sample midpoint deflection
compared to the piecewise (high strain rate) linear
material models. The time-temperature superposi-
tion principle applied in shifting the viscoelastic
property used in FEA-LSDYNA is based on the fact
that processes involved in molecular motion occur at
larger rates at elevated temperatures. Thus, these
materials proved to react in a linearly viscoelastic
behavior although subjected to a high strain rate
loading (shock) over microseconds. That is to say,
the short time duration of the shock pulse imposed

Mid-point deflection predicted from LSDYNA
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Figure 17 FEA predictive and experimental midpoint
deflection for nanoclay reinforced vinyl ester.
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Figure 18 FEA predictive and experimental midpoint
deflection for graphite reinforced vinyl ester.

on the viscoelastic material is theoretically compen-
sated by the time-temperature superposition which
accelerates molecular motion as if occurs at elevated
temperatures and elevated strain rate.

Quasi-static flexural analysis

The quasi-static flexural experiments (with sand-
bag) conducted on a given nanocomposite sample in
the MTS test system were modeled and validated in
ANSYS. The element type, model geometry, bound-
ary conditions, and loading configuration are kept
exactly similar to those used for simulating the
shock tube response. Both the tension and the com-
pression engineering stress-strain data were defined
as constitutive material models under the nonlinear
with large deformation analysis method. The experi-

Mid-point deflection predicted from ANSYS
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Figure 19 FEA predictive and experimental midpoint
deflection for nanoclay/510A-40 vinyl ester under quasi-
static flexural loading.
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Mid-point deflection predicted from ANSYS
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Figure 20 FEA predictive and experimental midpoint
deflection for graphite platelet/510A-40 vinyl ester under
quasi-static flexural loading.

mental maximum load from MTS was converted to
a uniform pressure and applied in ANSYS in con-
stant increments over a certain number of substeps.
Failure model in ANSYS is based on Von Mises cri-
terion which assumes that yielding will occur only
when the second invariant of the deviatoric stress
reaches a critical value (strength). Failure occurrence
is dictated from postprocessing of Von Mises stress
data, and cannot be directly dictated or shown from
solution interface.

FEA midpoint deflection results for the nanocom-
posites loaded under quasi-static (with the sand-bag)
are shown in Figures 19 and 20. It should be noted
that tension and compression data obtained from the
two independent quasi-static tests (described earlier)
were used for defining the material constitutive
models. From ANSYS results, the quasi-static flexural
experiment conducted with the sand bag to simulate
the distributed shock pressure: was miodeled and
validated.

CONCLUSIONS

Brominated vinyl ester nanocomposite systems are
viscoelastic materials in basis which are sensitive to
the rate of loading applied, time, and temperature
dependent as well. Therefore, the mechanical
response had been investigated over two extremes
of strain rates loading. The high strain rate response
of nanoclay and graphite platelet reinforced 510A-40
vinyl ester was first studied by conducting air blast
loading using the shock tube. On the other extreme,
the servo-hydraulic MTS test system was used to
study the material behavior under quasi-static load-
ing, with boundary conditions and loading configu-
ration similar to shock tube experiments.
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Experimental " results showed that addition of
nanoparticles to brominated resin adversely affected
the energy absorption capability under shock load-
ing. These nanoreinforced materials become stiffer
and exhibited drop in failure strain when subjected
to shock. Moreover, this increase in stiffness under
shock was also dictated from stress-strain curves
obtained using the Hopkinson bar. On comparing
the loading rate, all the nanosystems tested were
observed to absorb greater energy under high strain
rate (shock) as compared to the quasi-static flexural
mode.

Lesser energy absorbed within the low strain rate
as compared to shock loading could be owing to
role of nanoparticles toward failure. Cracks under
quasi-static may begin to grow over the nanopar-
ticles sites (inclusions), and then these small size
_cracks interact with pores within the vinyl ester
matrix making larger cracks with larger stress con-
centrations. On the other hand, failure mechanism of
nanoreinforced specimens under shock loading
could be owing to complex shock wave propagation.

Finite element modeling of the shock tube loading
showed that the linear viscoelastic model gives mar-
ginally better prediction of sample midpoint deflec-
tion compared to'the high strain rate piecewise
linear material model. As a result, these materials
proved to react in a linearly viscoelastic behavior
although subjected to a high strain loading (shock)
over microseconds. The short time duration of the
shock pulse imposed on the viscoelastic material is
theoretically compensated by the time-temperature
superposition which accelerates molecular motion as
if occurs at elevated temperatures and elevated
strain rate. The quasi-static flexural experiment con-
ducted with the sand bag to simulate the distributed
shock pressure was modeled and validated in
ANSYS.
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The nanoclay and graphite platelet vinyl
ester composite panels were manufactured by
Dr. Lawrence T. Drzal’s group at Michigan State
University.
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ABSTRACT

Developing stronger, safer and more cost-effective structural materials for the new generation naval ships is the focus
of ongoing research at University of Mississippi. The light-weight nanoparticle reinforced glass/carbon polymeric
based composites and structural foams for blast, shock and impact mitigation are emphasized in this research. Dera-
kane 5104-40 brominated vinyl ester nanocomposite resin systems are considered to be used in the composite face
sheets of sandwich structures with fire-resistant foam core to reduce flammability along with optimal flexural rigidity,
vibrational damping and enhanced energy absorption. In this work, the viscoelastic performance of 1.25 and 2.5 weight
percent exfoliated graphite nanoplatelet (xGnP) added with 10 weight percent Carboxy Terminated Butadiene Nitrile
(CTBN) reinforced brominated vinyl ester nanocomposites are studied. A Dynamic Mechanical Analyzer (DMA)—TA
Instruments Model Q800 was used to obtain the viscoelastic properties, modulus (stiffness), creep/stress relaxation, and
damping (energy dissipation), of the exfoliated graphite platelet and CTBN reinforced brominated vinyl ester. Effects of
Jrequency (time) on the viscoelastic behavior were investigated by sweeping the frequency over three decades: 0.01, 0.1,
1.0 and 10 Hz, temperature range from 30°C to 15°C at 4°C per minute step rate. Master curves were generated by
time-temperature superpositioning (TIS) of the experimental data at 50°C reference temperature. Addition of CTBN in
xGnP reinforced brominated vinyl ester composites resulted in greater intrinsic material damping, indicating the possi-
bility of higher energy absorption with the new configuration.

Keywords: Nanocomposite, CTBN, Viscoelastic, TTS, Material Damping, Energy Absorption

1. Introduction vinyl ester resin cured with styrene and modified with

The objective of ongoing research at University of Mis- liquid rubber CTBN. A sharp drop in density causing de-

sissippi is developing stronger, safer and more cost-ef-
fective structural materials for the new generation naval
ships. The empbhasis is on the light-weight nanoparticle
reinforced glass/carbon polymeric based composites and
structural foams for blast, shock and impact mitigation.
The optimal flexural rigidity, vibrational damping and
enhanced energy absorption characteristics of composite
structures are extensively investigated in this research.

Thermoset resins, such as vinyl ester, are typically bri-
ttle. To improve their fracture resistance or toughness,
they are usually blended or reacted with different addi-
tives and modifiers, which generally forms a second dis-
persed phase. The most frequently used modifiers are li-
quid rubbers. The morphology of the final modified ther-
moset can significantly affect the toughening mechanism
and consequently its fracture toughness [1-3].

Auad et al. [1] investigated the mechanical behavior of

Copyright © 2011 SciRes.
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trimental fracture toughness was observed in higher CTBN
concentrations (>10 wi%). Balakrishnan e? al. [2] exam-
ined the fracture behavior of rubber dispersed epoxy and
inferred cavitations, yielding, plastic deformation of ma-
trix, crack diversion and energy dissipation caused by ru-
bber particles which contribute to the improvement of the
ductility of the epoxy nanocomposite system, Frohlich ez
al. [3] suggested the compatibility matching as the key to
novel phase-separated nanocomposites with significantly
improved toughness.

The study of time dependent deformation process is
highly relevant when long-term applications are in con-
sideration. Polymeric composites are viscoelastic in na-
ture and show the time-temperature dependant behavior.
The time-dependent deformation of materials subjected
to a constant stress is defined as creep [4]. In muitiple
literatures, the creep behavior of polymer/clay nanocom-
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posites have been modeled [4-9], and proposed that na-
noparticles improve the creep resistance of polymer ma-
trices depending on success in level of exfoliation.

The fatigue strength, cyclic deformation and strain in-
compatibility of clay-reinforced nylon have been demon-
strated by Yang et al. [4] Fatigue strength slightly in-
creased by addition of clay reinforcement to nylon 6. The
cyclic deformation has been examined applying stress-
strain hysteresis loops. The strain incompatibility near the
phase boundary caused both relaxation of three dimen-
sional stress field and extraction of clay platelets in the
nano-composites under study.

Tensile compliance of the nano-clay reinforced Poly-
ethylene composites was investigated by Pegoretti et al.
[5]. The viscoelastic component is low corresponding on-
ly to a few percent of the compliance even at relatively
high stresses. The compliance of the composites is only
slightly lower than that of the neat rPET, the Cloisite®
25A reinforcement being somewhat stronger. Both clays
were illustrated beneficial effect on the dimensional sta-
bility of the composites as compared to the neat 1PE, the
creep rate did not rise at long time periods.

Galgali et al. [6] presented an experimental investiga-
tion on the creep behavior of molten polypropylene or-
ganically modified clay nanocomposites and concluded
that the solid-like rheological response of this nanocom-
posite develops from large frictional interactions of the
clay crystallites. Compatibilizer showed a significant in-
fluence in modifying the rheological behavior.

Non-linear time dependent creep of polyethylene (PE)
montmorillonite layered silicate (MLS) nanocomposites
was investigated by Ranade er al. [7]. Non-linearity in
the creep response was modeled using the Burger model
and the tensile-creep response was attributed to disper-
sion effects with marginal effects of crystallinity.

Perez et al. [8] studied the clay content and temepera-
ture dependent creep behavior of biodegradable compos-
ites based on starch/polycaprolactone commercial blends
reinforced with organo-modified nanoclay, processed by
melt-intercalation. The experimental response was corre-
lated with-Findlay’s power law and Burger’s model. This
investigation showed that the addition of clay to the neat
matrix leads to a significant improvement of creep resis-
tance.

The effects of incorporating various montmorillonite
nanoclays into several starch samples were by rheologi-
cally examined by Chiou et al. [9]. Frequency sweep and
creep results for starch-nanoclay samples at room tem-
perature indicated that the Cloisite Na+ samples formed
more gel-like materials than the other nanoclay samples.
The Cloisite Na+ samples exhibited a large increase in
modulus at higher temperature. In contrast, the more hy-
drophobic nanoclay samples had comparable modulus
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values to the pure starch sample. These results suggested
that during gelatinization, the leached amylose interacted
with the Cloisite Na+ interlayer, producing better rein-
forcement and higher modulus values.

These multiple studies showed the significance of cha-
racterizing visoelastic behavior of nanocomposites in
their respective application fields. Hence, investigating
time-temperature depended response of rubber-toughened
nanocomposites is an important consideration. The aim
of this paper is to describe the viscoelastic behavior of
vinyl ester nanoreinforced composites added with an al-
most unreactive liquid carboxy terminated butadiene ni-
frile (CTBN) rubber, a toughening agent for thermoset
resins. The viscoelastic response of Carboxy Terminated
Butadiene Nitrile (CTBN) on the viscoelastic behavior of
Derakane 510A-40 brominated vinyl ester reinforced
with 1.25 and 2.5 wt% exfoliated graphite nano platelets
was studied using dynamic mechanical analyzer (DMA).
Single frequency and frequency sweep across 3 decades:
0.01, 0.1, 1.0 and 10 Hz were applied over 30°C to 150°C
temperature range at a 4°C/min step rate. The time- tem-
perature superposition (TTS) principle was applied to de-
velop master curves of the dynamic storage modulus at a
reference temperature of 50°C.

2. Experimental Techniques
2.1. Dynamic Mechanical Analyzer (DMA)

DMA tests were performed in accordance with ASTM
D4065-01 standard [10]. TA Instruments Model Q 800
DMA (Figure 1) is a stress-controlled Combined Motor
and Transducer (CMT) machine where the motor applies
a force and displacement sensors measure strain, force
and amplitude in the form of raw signals recorded by the
machine [11]. Experiments were performed using the
single-cantilever clamp. Hence the most of the strain oc-

Figure 1. TA Instruments Model Q800 DMA for dynamic
tests [11].
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curred at the sample surface, while the center experienced
no strain. The stress and strain equations, applied in these
experiments, are based on theory of linear visoelasticity
of the materials (Equations (1) to (4)).

K, 3 12 O\
E=-FC‘S--T2—I|:1+?(I+U)(Z) ] (1)

F= 0.7616—0.02713\/% + 0.10381n(ﬂ )

6PL
x = 2 (3)
wit
35IF,
£ = e @

X 2
I [1+E(1+ u)(i) ]
5 L
where, E = elastic modulus, K= measured stiffnes, F, =
clamping correction factor, L = clamp span length, I =
sample moment of inertia, v = Poisson’s ratio, ¢ = sample
thickness, o; = stress, P = applied load, w = width of the
specimen, & = strain, § = amplitude of deformation.

The viscoelastic properties, such as, modulus (stiffness)
and damping (energy dissipation), of the exfoliated gra-
phite platelet added with CTBN reinforced brominated
vinyl ester were studied over a range of temperature and
frequency. Creep and stress relaxation experiments were
also conducted using DMA.

2.2. Single Frequency Dynamic Test

Dynamic mechanical analysis was carried out using the
TA Instrument model DMA Q800 V7.5 on rectangular
cross-sectioned specimens under single-cantilever clamp-
ing mode, with a span length of 17.5 mm. The 1.25 and
2.5 weight percent nanoclay, graphite platelet and graph-
ite platelet added with 10 weight percent Carboxy Ter-
minated Butadiene Nitrile (CTBN) reinforced bromi-
nated vinyl ester nanocomposites were characterized and
compared with the base pure brominated vinyl ester ther-
moset composite under single frequency—temperature ramp
method. Samples of 35 mm x 10 mm x 1.6 mm thick
were clamped with 30 gm clamp mass and subjected to 1
Hz single frequency with 25 pm displacement amplitude
assuming linear visco-elastic characterization. Test tem-
perature was equilibrated at 30°C and maintained iso-
thermal for 5 minutes, and then elevated with 3°C/min
steps up to 150°C in test duration. Three specimens were
tested from each configuration of the nanocomposites.
The output data were processed by Rheology data analy-
sis software to produce characteristic graphs [11].
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2.3. Multi-Frequency Dynamic Test

DMA measurements included frequency sweep with time
temperature steps, to which time-temperature super-po-
sition (TTS) was applied to predict the long-term time
dependent properties of the material. The dynamic stor-
age modulus (E°) and damping of nano-reinforced bro-
minated 510A-40 vinyl ester specimens were character-
ized as a function of temperature and frequencies. Dy-
namic mechanical testing was used to perform multi-
frequency measurements with accelerated temperature
and theoretical time-temperature superposition post-pro-
cessing of the data. Effects of CTBN inclusion in exfoli-
ated graphite platelet reinforcement were investigated.

Vinyl ester nanocomposites were characterized by per-
forming a multi-frequency isothermal mode test, in which
the sample is equilibrated at different temperatures and
subjected to a series of frequencies. Specimens with di-
mensions of 35 mm x 10 mm x 1.6 mm were subjected
to frequencies of 0.01, 0.1, 1.0 and 10 Hz with a tem-
perature step rate of 4°C per minute starting from 30°C
(RT) to 150°C. Only 25 pm displacement amplitude was
applied for the test since the analysis agsumes linear do-
main for viscoelastic characterization, and two specimens
were tested from each configuration. The raw data was
then processed using the Rheology data analysis software
to generate the master curves.

2.4. Creep and Stress Relaxation

The creep and stress-relaxation response of brominated
vinyl ester and its nanocomposites was investigated using
the DMA. Nano-reinforced brominated 510A-40 vinyl
ester specimens were tested in a TA Instruments Model
Q800 DMA using single-cantilever clamp with a span of
17.5 mm and pre-load stress of 3 MPa. The preload stress
of 3 MPa was chosen due to apply the linear viscoelastic
theory at low stresses. Two samples were tested from
each configuration.

Short term creep tests were carried out by subjecting
the samples to a constant load over 30 minutes duration
at isothermal temperatures in the DMA. The room tem-
perature (RT) varied between 30°C and 32°C. A tem-
perature range of 30°C through 100°C was chosen, as this
covered the glass transition temperature for all the nano-
composites considered in this research. The sample was
initially equilibrated at 30°C for about 4 minutes to make
sure that the sample temperature settles down. After
equilibrium, the sample was subjected to a fixed stress of
3 MPa for about 30 minutes. The temperature was then
incremented by 4°C and the above procedure repeated till
the final temperature of 100°C.

In the stress relaxation mode, the sample was held at a
constant strain and the stress level measured as a function
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of time over the same temperature range. The method
segments executed during the relaxation test was the
same as that used in creep. The sample is initially equili-
brated at RT for about 4 minutes, and then displaced 0.01
strain for 30 minutes. The temperature was then incre-
mented by 4°C and the process repeated until the final
temperature of 100°C.

3. Analysis and Computation
3.1. Linear Viscoelastic Theory

A viscoelastic material is characterized by possessing
both viscous and elastic behavior. Elastic material is one
which returns all the energy stored during loading after
the load is removed [12]. As a result, the stress and strain
response for elastic materials moves totally in phase. For
elastic materials, Hook’s law applies, where the stress is

" proportional to the strain, and the modulus is defined at

the ratio of stress and strain. A purely viscous material
returns none of the energy stored during loading. All the
energy dissipated as “pure bending” once the load is re-
moved. In this situation, the stress is proportional to the
strain rate rather than strain. These materials, known as
inelastic materials, have only damping, instead of stiff-
ness. Both of these two types are ideal in existence. The

real-life materials fall into neither of the above categories.

These are called viscoelastic materials. Some of the en-
ergy stored in a viscoelastic system is recovered upon
removal of the load; and the remainder is dissipated as
heat [12]. Figure 2 [12] describes the cyclic stress at a
loading frequency of @ is out-of-phase with the strain by
certain angle #, where 0 < ¢ <n/2. The angle ¢ is a
measure of the materials damping level; the larger angle
denotes greater damping. The viscoelastic modulus is
represented by a complex quantity. The real part of this
complex parameter, known as storage modulus (Ej), re-
lates the elastic behavior of the material, and defines the

S {(q]

Viscoelastic Material

cescrasg(t)

Figure 2. Cyclic stress and strain curves vs. time for a vis-
coelastic material [12].

Copyright © 2011 SciRes.

stiffness. The imaginary component, known as loss modu-
lus (), explains the material’s viscous behavior, and
defines the ability of energy dissipation of the material.
The complex viscoelastic modulus (£") is defined as:

E=E+iE=204" ®)
0

3.2. Time-Temperature Superposition (TTS)

Molecular motion in materials occurs at larger rates un-
der elevated temperatures. The time-temperature super-
position principle is based on this temperature dependent
response of the materials. The change in property which
occurs relatively quickly at higher temperatures can be
made to appear as if they occurred at longer times or
lower frequencies simply by shifting the data with re-
spect to time (1/frequency) [11]. By shifting the data
with respect to frequency to a reference curve, a master
curve is generated, which covers time (frequencies) out-
side the accessible range. The shifting mechanism used
to shift a set of data upon a reference curve follows WLF
[11] model. This model assumes that the fractional free
volume increases linearly with respect to temperature in
the transition region, and when the free volume increases,
its viscosity decreases. In this model, the degree of shift-
ing is calculated according to Equation (6):

—(0)({/P=7,

4. Results and Discussion
4.1. Modulus

Figures 3 shows the storage modulus variations with
temperature for brominated vinyl ester nanocomposites
with the single-frequency test. Addition of CTBN to
graphite reinforcement shifted the drop of storage modu-
lus to higher temperature.

Figure 4 shows the detrimental effect of CTBN rein-
forcement in storage modulus with respect to xGnP pre-
sented at 30°C. Figures 5 and 6 show the storage mo-
dulus variations with temperature for brominated vinyl
ester nanocomposites with the multi-frequency tests. It
can be observed that the modulus remains higher at high-
er frequency up to the glass transition temperature.

4.2. Glass Transition

Figures 7 shows the loss factor variation with tempera-
ture for brominated vinyl ester nanocomposites at single
frequency. Figure 8 shows a marginal increase of glass
transition temperature in nanocomposites with CTBN ad-
dition.

MSA

E-119




Viscoelastic Response of Graphite Platelet and CTBN Reinforced Vinyl Ester Nanocomposites 1671

—»—Pure —&—Pure

0,
_O_;:iv‘:f%ﬁé?,:p —0—2.5 wt.% xGnp

et .25 wt.% xGnp + 10 wt.% CTBN —0—2.5wt.% xGnp + 10 wt.% CTBN"
—&—2.5 wt.% xGnp + 10 wt.% CTBN 3000
5000
40004 10.0 Hz
£ 2
=3 2 1A
= < 3000
2 2
— '3
3 3
3 g 2000+
E [+]
go &
g £ 10004
) A
"
0 = .
30 70 110 150

Temperature (°C) Temperature (°C)
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Figure 6. Storage modulus for 2.5 wt% reinforced bromi-
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Figures 9 and 10 show the loss factor variations in
multi-frequency tests. CTBN inclusion in graphite rein-
forcement contributed in maintaining the peak loss factor

within a higher temperature range during glass transition -

(114°Cto 116°C).
4.3. Damping

Tan-delta, defined as the ratio of loss modulus to storage
modulus, is a measure of inherent material damping.
Peak of Tan-delta is the region over which material ex-
periences a transition from glassy to a leathery behavior,
associated with the onset of short range molecular seg-
ments motion, of which all are initially frozen [12,13].
CTBN addition resulted in greater value of Tan § peak
showing more inherent material damping as shown in
Figure 11, indicating the possibility of higher energy ab-
sorption.

—&— Pure
—0— 1.25 wt.% xGnp
—0— 1.25 wt.%xGop + 10 wt.% CTBN

Loss factor (Tan §)

30 70 ‘ 110 150
Temperature (°C)

Figure 9. Loss factor for 1.25 wt% reinforced brominated
vinyl ester nanocomposites at multi-frequency.

—f— Pure
—O— 2.5 wt.% xGnp
—0— 2.5wt.% xGnp + 10 wt.% CTBN

Loss factor (Tan 8)

30 0 10 150
Temperature (°C)

Figure 10. Loss factor for 2.5 wt% reinforced brominated
vinyl ester nanocompposites at single-frequency.
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Figure 11. Tan-delta peaks for brominated vinyl ester nano-
composites.

4.4. Long-Term Dynamic Properties

Since the glass transition temperature for nanocompo-
sites is observed to be variable for different compositions,
a reference temperature of 50°C was chosen to generate
master curves for storage modulus. To perform this, data
from higher temperature experiments in the lower portion
of the plot are shifted to the left (lower frequencies) and
curves corresponding to the temperatures lower than 50°C
are shifted to the right [11].

Figure 12 shows the generated master curves of stor-
age modulus over an extended period of time. From
Figure 12, all vinyl ester nanocomposites were observed
to maintain their rigidity (at 50°C) with an average dy-
namic storage modulus of (2.5 GPa) over a period of 10"
sec (321.5 years), from where the vinyl ester nanocom-
posites impregnated with CTBN starts to show impro-
vement. This is significant on the long term behavior of
reinforced vinyl ester with CTBN.

4.5. Creep and Stress-Relaxation

Shape of the creep and relaxation curves for brominated
vinyl ester is strongly dependent on temperature ob-
served in this experiment (Figures 13 and 14). The effect
of temperature on creep and relaxation behavior of bro-
minated vinyl ester, 1.25 wt percent x GnP, 2.5 x GnP
reinforced samples with 10 wt percent CTBN additives
over 30 minutes duration were also showed similar trend.
The creep deformations in the initial portion, which are
pure elastic, are relatively small and associated with bend-
ing and stretching of intermolecular bonds. However, the
deformation beyond the proportional limit is same as a
stretching of the wrinkled molecular chains which is not
recoverable instantly. Hence, the mechanical response
exists in the viscoelastic linear region, where no intermo-
lecular slippage causes permanent deformation [12,13].
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Figure 12. Master curves for brominated vinyl ester nano-
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Figure 14. Relaxation modulus for pure brominated vinyl
ester.

It has been observed that at 100°C, both increment of
creep-strain and decrement of modulus in stress-relaxa-
tion are less with the addition of toughening agent (Fig-
ures 15 and 16). Accordingly, addition of CTBN to x
GnP reinforcement improves the creep resistance.

Copyright © 2011 SciRes.

5. Conclusions

The effect of carboxy terminated butadiene nitrile (CTBN)
on the viscoelastic behavior of Derakane 510A-40 bro-
minated vinyl ester reinforced with 1.25 and 2.5 wt per-
cent exfoliated graphite platelets was investigated using
dynamic mechanical analyzer (DMA). Single frequency
and frequency sweep across 3 decades: 0.01, 0.1, 1.0 and
10 Hz were applied over 30°C to 150°C temperature
range at a 4°C/min step rate. The time-temperature su-
perposition principle was used to develop master curves
of dynamic storage modulus at a reference temperature
of 50°C.

The elastic modulus was observed to decrease by a
small amount with addition of CTBN to the reinforce-
ment; along with marginal increase of the glass transition
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Figure 15. Creep-strain for nanocomposites at 100°C.
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Figure 16. Relaxation modulus for nanocomposites at 100°C.
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temperature. CTBN addition also resulted in greater va-
lue of Tan & peak showing more inherent material damping
with the possibility of higher energy absorption. Creep
and relaxation curves showed the improvement of creep
resistance due to the CTBN inclusion in the nano-rein-
forcement.
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ABSTRACT

Experimental blast response and quasi-static material
property data were generated for E-glass and carbon face skin
sandwich composite panels with balsa, PVC foam and
TYCOR® cores. The Pressure vs Impulse (P-I) curve
methodology that was developed to represent estimated damage
levels in civil infrastructure components subjected to blast
loadings, has been adapted for analyzing these sandwich
composite panels. Results show good correspondence between
model predictions and experimental data for the performance
evaluation of various sandwich composite panel configurations.

This P-I curve methodology enables the generation of a
database of performance envelopes for sandwich composite
panels with a variety of skin and core material combinations
under various blast and shock loading scenarios, for naval
composite structural applications.

INTRODUCTION

The goal of this study is to make use of available experimental
blast and shock response data for the performance prediction of
sandwich composite panels under a wider range of operational
loading conditions and threat scenarios, which would facilitate
design decisions at the ship superstructure-system level. The
available experimental data, which is limited to only specific
blast and shock loading scenarios, is used for validating the
proposed computer simulation methodology.

Several detailed studies have been conducted on the blast
and shock response of sandwich composite panels {1,2,3,4,5].
These studies have examined the response and various failure
modes of the panels such as core crushing, delamination,
bending and shear response. The focus of these studies has
largely been on the response of a composite sandwich panel to a
unique blast or shock loading scenario.

Here we have focused on implementation of the PI
(Pressure vs Impulse) curve computational methodology to
enable exploration of the design space and for evaluating
response of the available sandwich composite panels to various
blast loads. An attempt has been made to validate the
computational methodology for predicting the performance of
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sandwich composite panels based on limited experimental data
corresponding to specific blast loads.

The P-I (Pressure-Impulse) diagram (Figure 1) relates a
specific damage level to a combination of blast pressure and
impulse imposed on a particular structural element, and allows .
reduced order modeling of the sandwich composite panel
systems. P-I curves are also known as iso-damage curves with
each curve representing a certain response level such as mid-
span deflection or rotation at supports, etc.

In a particular threat scenario, the pressure and impulse
acting on a structure can be determined by using scaling laws
based on the distance of the structure from the blast source [6].
Knowing the distribution of pressure and impulse due to a
specific blast scenario, the damage to individual components in
terms of ductility demand can then be determined from the P-I
chart {7,8] and can also be further mapped onto a structure
consisting of many such components.

Composite Panel Force-Deflection Curve
=l Ro
—P(X) :
y
«— R2 Yo U
P-I Curves Equivalent SDOF System

Blast Time History

3

Figure 1. Procedure for generating the P-1 curve numerically

Previous research conducted at University of Mississippi
under the DHS-SERRI project *“Nano-Particle Reinforced
Composites for Critical Infrastructure Protection” involved the
evaluation of strength and deformation capacity of civil
infrastructure components subject to blast and extreme loading

33

F-124




[9]. Pressure versus Impulse (P-I) curves were used to represent
estimated damage levels in components subjected to blast or
shock loadings. The adopted procedure and reflected blast
pressure versus distance relation followed the TM 5-1300 Joint
Forces military guidance [6). A database of P-I curves for
reinforced concrete components of various cross sections and
reinforcement ratios was developed, including the benefits of
nano-particle reinforcement. These simulations allow the
planner to determine the likely location and extent of damage in
building structures subject to blast loadings. This simplified
methodology used for rapid damage and vulnerability
assessment of critical infrastructure [10] has been adopted here
for the performance evaluation of sandwich composite panels
for naval ship structures [11].

FABRICATION OF

COMPOSITE PANELS
Large 4’ x 4’ and 8’ x 4’ size navy relevant sandwich

composites with balsa, PVC, Tycor foam cores and glass and

LARGE SIZE SANDWICH

carbon / vinyl ester face sheets were fabricated for blast, shock,

ballistic and impact characterization by the Vacuum Assisted
Resin Transfer Molding (VARTM) process at the University of
Alabama-Birmingham [11]. A total of 6 variants (two 4’ x 4’ for
each variant) were processed with varying face sheet material,
core, and stacking sequence.

In the work reported here, out of the six different sandwich
composite panels, only three panels which have equal face sheet
and core thickness, i.e., the 5 ply E-glass/balsa, 8 ply
Carbon/Balsa and 8 ply Carbon/PVC, are considered for
computational simulation and analysis. The layup and stacking
sequences of these are described in Table 1.

Table I. Sandwich Composite Panels Subjected To Blast

Loads
Sno Face Core Face-skin Stacking
Sheet Material Sequence

Material

1 | E-Glass/ | Balsa core | [0/90}/45/[0/901/45/[0/90]
vinyl type 9.7 pcf 5 Plies
ester PB standard

2 | T-700 Balsa core [0/901/45/[0/90)/45,/[0/90)/
Carbon type 9.7 pcf 45/[0/90]
FOE PB standard 8 Plies
treated/
vinyl
ester

3 | T-700 PVC  core | [0/90]/45/[0/901/45,/[0/90)/
Carbon type 8.1 pcf 45/[0/90]
FOE Divinycell 8 Plies
treated/ H130
vinyl
ester
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BLAST TESTING

The six large 4’ x 4’ x 2.25” thick panels with Balsa, PVC,
TYCOR foam cores and E-glass and T700 FOE treated carbon
face sheets were mounted in the US Army Corps of Engineers
ERDC Blast Load Simulator (Vicksburg, MS) such that the top
and bottom were fixed and the other two sides were free. These
were subjected to blast load waveforms of 16-18 psi peak
pressures and 200 psi-ms impulse which represents an
approximate threat level of 2000 1bs of TNT at 140 feet. The
blast tested panels underwent about 0.5 to 1.5 inches of mid-
point deflection, with no visible signs of external damage.

Figure 2 compares the experimental blast response
characteristics of these sandwich panels [11] with respect to
mid-point deflection and energy absorption (data normalized to
areal density - NTAD).

Maximum back-face displacement (NTAD)

Five ply E-glass/Tycor (Unldiretilionnl)—l»ng
Eight ply T-700 Cairbon/Balsa
Eight ply T-700 Carbo/PVC]

Five Plv T-700 Carbon/Balsa |
Flve ply E-glass/Balsa |

Sandwich Composites

Five plv E—ghssfl\'cor(Sl{tched)—IAng.
] ]

[]
0.0 01 0.2 0.3
Maximum back-face displacement (in-ft2/1b)

(@)
Energy absorption (NTAD)
Five ply E—glass/’l')'ml'(lTnldlrecﬂonal1~IAng

Eight ply T-70p Carbon/Balsa

Eight ply T-700 Carbon/PVC l
Five Ply T-700 Carbor/Balsa

Five ply E-glass/Balsa

Sandwich Composites

Five ply E—glass/l‘ycol(Stitc'ied)—[nng.

) 1500 3000 4500
Energy (NTAD) absorbed (in-Ibf-ft¥/1b)

(b)

Figure 2. (a) Maximum back-face displacement, and

(b) energy absorbed by sandwich composite panels

subjected to blast load waveforms of 16-18 psi peak
pressures and 200 psi-ms impulse

FINITE ELEMENT MODELING

The SAP2000 finite element model consists of layered
nonlinear shell elements (Figure 3) and allows multiple layers
of different thicknesses, each with a different material property,
while avoiding shear locking behavior. The shell element also
includes the effects of transverse shear deformation. Bulk
material nonlinear—stress strain data obtained from quasi-static




tensile and compressive testing of corresponding face sheet and
core materials respectively is used as input for the material
constitutive models. The quasi-static experimental data shows
variation in material properties (Figure 4); hence the averaged
experimental and published material data consistent with the
SAP2000 program requirements are used as input for the FE
model [12].

The strength vs deformation capacity of undamaged
sandwich composite panels shown in Table I are established by
nonlinear quasi-static finite element analysis [12], with each
panel subjected to 1.5 inches of mid-span deformation under
displacement control and boundary conditions simulating the
complex interactions that occur during the actual blast
tests.

(a)
AAxis 3
Layer “D”
1
Thickness === g7y
Distance
Layer*8"
.Refarence >
Surface Layer "A® Axis 1
(b)

Figure 3. (@) FE model of sandwich composite
panel mesh and boundary conditions, and (b)
SAP2000 shell element
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Figure 4. Experimental uni-axial stress-strain
relation and idealization for (a) E-glass vinyl ester
face sheets, and (b) Balsa wood core.

EQUIVALENT SINGLE DEGREE OF FREEDOM
IDEALIZATION

The nonlinear force deflection relationship obtained from
FE modeling is initially idealized to an elastic-perfectly plastic
force-deflection relationship by equating the work done, which
is the area under the respective force-deflection curves (figures
5, 7 and 9). The equivalent elastic stiffness k. and the equivalent
maximum elastic deflection y, are then computed. Since there
are non-unique solutions for the idealized curves, in this study
the k. is constrained such that the elastic stiffness of the sdof
system is similar to the initial stiffness of the composite panel
obtained from quasi-static nonlinear analysis. Based on these
assumptions, the component is idealized as an equivalent single
degree of freedom (sdof) system [12].

The energy balance method (based on principle of
conservation of mechanical energy) is commonly employed to
obtain the quasi-static and impulsive asymptotes of P-I curves.
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Figure 11. Comparison of Pressure-Impulse
curves for the 5 ply E-glass/Balsa, 8 ply
Carbon/Balsa and 8 ply Carbon/PVC, for the

ductility ratio p=1.

To obtain the impulsive asymptote, the total energy imparted to
the system is assumed to be in the form of kinetic energy and is
equated to the total strain energy stored in the system at its
maximum response. For the quasi-static regime, the load can be
assumed to be constant before the maximum deformation is
achieved and accordingly the quasi-static (Pressure) asymptote
is obtained by equating the work done by the load and total
strain energy in the system at maximum deformation.

P-I curves can also be generated numerically by simulating
the dynamic response of the SDOF system to a large number of
triangular impulse loads by using the implicit generalized
Newmark method of time integration in Matlab. The time
duration of the impulse (ty); the time of rise (t;), peak load and
the impulse applied onto the component are varied. The
maximum values of response to each loading are then
computed, and if they match a certain desired response level,
they are stored in an array along with the peak pressure and
corresponding impulse.

The quasi-static and impulsive asymptotes for different
ductility ratios (4; = y;/y,) corresponding to critical stages in the
component response for the S5 ply E-glass/Balsa, 8 ply
Carbon/Balsa and 8 ply Carbon/PVC sandwich panels are
plotted in the respective P-I space (Figures 6, 8, 10, 11). These
numerical simulations of reduced order enable the construction
of iso-damage curves that are suitable for damage prediction
over a wider range of blast pressure and impulse combinations.

CONCLUSIONS

In this work, Pressure vs Impulse (P-I) curves are developed for

sandwich composite panels with a variety of skin and core

material combinations, to enable the generation of a database of

performance envelopes under various blast loading scenarios.
The strength vs deformation properties of the undamaged

sandwich composite panels are established by nonlinear quasi-
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static finite element analysis (FEA) of the component subjected
to mid-span deformation under displacement control, with
boundary conditions simulating the actual blast tests and
idealized for SDOF (single degree of freedom) modeling.

Nonlinear quasi-static analysis indicates that the
Carbon/PVC panel has the highest energy absorption (NTAD)
capability followed by 8 ply Carbon/Balsa and E-glass/Balsa
respectively, based on area under the simulated quasi-static
load-deflection curves (Figures 5,7,9). From these force-
deformation simulations it appears that for the 8 ply
Carbon/Balsa and 8 ply Carbon/PVC panels (having the same
face sheet material but different cores) the type of core material
type dictates the deformation upto yield, being higher for Balsa
than PVC core. However, the energy absorption under quasi-
static loading is marginally higher for PVC than Balsa core.
Comparison between 5 ply E-glass/Balsa and 8 ply
Carbor/Balsa panels (which have the same core, but different
face sheet materials) indicates that the face-sheet material
determines the peak load resistance of the panel, which is
higher for an 8 ply Carbon face sheet than a 5 ply E-glass face
sheet of equal thickness.

In the pressure-impulse space, these simulations predict
that the 8 ply Carbon/Balsa sandwich panel would require
considerably higher blast pressure and impulse values to cause
permanent deformation (as defined by the equivalent SDOF
system) when compared to the E-Glass/Balsa and Carbon/PVC
sandwich panels. For the experimental blast loading conducted
at 15.5-18.8 psi pressure and 0.19-0.2 psi-sec impulse, the 5 ply
E-glass/Balsa panel absorbs the most energy by virtue of larger
plastic deformation, while the 8 ply Carbon/Balsa panel absorbs
the least energy as it responds elastically. The analytical
predictions are consistent with the experimental data obtained
from blast tests. Analysis of the other three sandwich composite
panel configurations i.e., the 5 ply Carbon/Balsa, E-glass/Non-
Stitched Tycor and E-glass/Stitched Tycor, is currently ongoing.
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blast-type loading [3]. While these complex theories are useful, 32
testing is still required to validate and verify model results. 33

Experimental investigations have been performed to induce 34
shock damage in composite materials. Shock tests can be realized 35

6 1 Introduction

7 Extreme loads such as earthquakes and explosions can cause
8 enormous human and infrastructure losses. Considering the high
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; . . ; mainly by explosive or air blasts, both of which are costly and 36
@ 10 els are the keys to reducing physical test requirements. With . 3
11 improved computational capacities, engineers in various fields Uihe CORSHITING. 1B g {eusablc Soat diphrains, oitack t.ubcs 4
12 have undertaken complicated modeling for structures under gl ok G oReR e Sop b pghe foither 5
13 abnormal loads. However, an efficient and accurate model is nec- G Ca b ARt B (L) 0l i tlus.worl'c, Loy &)
14 essary to more rapidly address dangerous shock problems. A rela- ;}LO:(;; tﬁ ?:ngo::gu:it; dlb);i)r. ﬁ?dntcs;:l;kli;; ct.‘l::olgnzlsvgrslty l;’f :?
15 tively simple model will be detailed herein for the response 102 mm. The span of Lll)xgexpgi)mental laI:: was 152 mm mgl t.hy o
16 prediction of the specific complex case of composite materials ’ P 3 P h pE . e
17 tested in a shock tube. gverhan_gs were 50. mm at eacl end. Each specimen is placed 43
® 18 Thanks to superior properties, composite materials have {0 0 1nst}'umcntgd i - s Fube. I gF f«xdjommg “
19 replaced metals in various engineering applications. Composites S:gi:ez:gg{nhexrgifﬁiﬁr;:? 111;5 aurxt].:ﬂa ashrggll(arwgi?}t‘mgn ::
20 offer numerous advantages such as high strength/weight ratio, low spg,cimeh 5] 4 P 0 the it
;; :g;tz;n::dn:;fégz rfszftgnngean;ltre??da ngg;g:%imﬁzlggr c]zrlxl;)o: Many researchers focus on finding computer models for such 48
23 jte materials in defense applications. This investigation particu- :gxi %?r:;crgsinlﬁ?anﬁgzsai?dffcds?:oﬁp{::;? gﬁr;?)aslc);z;o?:; ;:
24 larly relates to the usage on naval ships to achieve better blast & rion and progre ’ N
® 25 survivability with the additional benefit of lower cost, While Gib-  CNr8Y models, explicit finite clements, and statistical patten [6]. 51
26 son discussed the basic concepts, mechanical properties and test Using 2 L g Bl 3 planc‘ RECISITpUER, i a§1d Hu‘a z
27 methods for composite materials in [1], shock damage evolution apprgmmatelx SOIVT.d dt.:eatlrar}llsaclm yt}llb{atlop of an elastic lami- 52
28 within a composite is still actively being investigated [2]. For -t il e T .mﬁmtc lepgth exposed to 5
29 instance, Bogdanovich applied geometrically nonlinear theory, ) e sho¢.:k. s [0 Applymg e ﬁmt%- i L pro- »
30 dynamic deformation, and failure analysis methods to laminated lgarran; Qgi%ﬁsﬁ?ﬁ:cn;’ glggsl;:l: 1125?; s:;mmitsei?cal 21:1252“;1:11& ::
31 composite cylindrical shells exposed to longitudinal and lateral .15 g =8 4 P p
jected to shock loads have also been modeled by Johnson et al. 58
® [8]. Through both three-dimensional X-ray microstructural inves- 59
— ) o o tigation and a parallel series of shock experiments using a 50 mm 60
; MC::Lm:;llcd by the Applied %Jmp?ﬂfﬁﬁiﬁfﬁf?%f@cgﬂiﬂf ballistic gas gun, McDonald and Millett worked to link micro- 6!
script received Jaly 6, 201 1; published online XX XX XXXX. Assoc. Editor: Vikm  Structure and simulation to predict the shock performance of a 62
Deshpande. composite material [9]. The propagating disturbance of breaking 63
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Tabie 1 Measured E-giass/vinyl-ester specimen properties

Driven section

Densit?' Flexural
Sample name  Reinforcement (kg/m°) modulus (GPa) Weight
Tube exit
® VC00ASO01 none 1112.44 2.56 —
VC00AS01t2 none —_
Deflected Specimen VCI12BS01 nanoclay 1132.99 224 1.25%
VC12BS02
. VC25BS01 1139.65 2.55 2.5%
Pin support VC25BS02
: VG12BS01 graphite platelets 1117.29 2.73 1.25%
Optical scale VGI2BS02
‘ VG25BS01 1133.58 3.56 25%
VG25BS02

Fig.1 A stiil photograph of a loaded test specimen

simulates the shock tube pressure. Discrete test data has been pro- 96
) vided for the midspan displacement w(L/2, f) using optical means. 97
64 fibers has been generated by Goeke and McClintock to find the
65 critical fracture location of three-dimensional graphite composites 22 Ca : 2 [ .
. 8 . A - se Studies. The applied impulse and boundary condi- 98
® 65 undergoing shock [].0}' In aidie ° ompllca} ed‘mannf.r, Rasmoado tions are herein detailed for esgh simulellatcd case. ary 99
67 et al. worked to join low velocity constitutive failure models,
68 including delamination, with orthotropic state equations [11]. 2.2.1 Case 1. In case 1, the entire excitation force is distrib- 100
69  The main purpose of this paper is to obtain structural response  uted over the entire beam length, as shown in Fig. 3. This neglects 101
70 to an arbitrary shock load through a modal analysis simulation, that the exit tube does not extend over the free span and the plate 102
71 which is reasonably accurate and responsive as compared to com-  overhangs the simple supports. Ideal pinned boundary conditions 103
72 plex models. Model input includes the gross properties of Young’s  are also assumed. 104
" 73 modulus and material density as well as physical geometry and ar- The cross sectional area of the shock tube at the 76.2 mm 105
74 bitrary shock load. Closed form equations have been employed to  driven section A, is 4560.4 mm?, Thus, the excitation force F(f) 106
75 derive the eigenproblem that generates mode shapes and natural  is 107
76 frequencies, and the aim is to estimate experimental responses of
77 composite materials to actual shock tube results. F(t) = P(t)Agec
and the distributed pressure load ¢(¢) is 108
78 2 Model Case Studies
o 79 Six different cases are used in this work to model a composite q()) = E(_Q
80 specimen’s response to transient pressure. The modeled cases dif- !
81 fer by applied load (cases 1, 2, and 3) and boundary conditions . . L
82 (cases 4, 5, and 6) in order to determine the most accurate model. Shown in Fig. 4(a), the applied pressure for case 1 is simulated by 109
dividing the measured pressure profile into two constant regions 110
of average magnitude. Thus, the effective force is 21 and 19.25 111
83 2.1 Description. Obtained via high-speed photography, a N s/mm of beam length as shown in Fig. 4(b). . 12
- 84 specimen view of the shock tube test configuration is shown in Modal analysis is employed to apply the equivalent force to the 113
85 Fig. 1. The longitudinal centerline section of the plate is simulated model. First, the closed-form beam equation is solved to obtain 114
8 as a beam, and any transverse relative motion is neglected, Pre-  mode coefficients and natural frequencies. The first three calcu- 115
§7 suming linear elasticity, the employed Euler-Bemoulli beam lated natural frequencies of the specimen VCOOASO] are 282.8, 116
88 model is provided in Fig. 2. Permitting multiple boundary condi- 1131.4, and 2545.5 Hz. For an exact solution, an infinite number 117
89 tions, K, and Ko, are torsional springs while k; and k; are lateral ~Of modes are required in the modal analysis, but this is computa- 118
90 springs. The width of the cross section is 101.6 mm, and the thick- tionally unrealistic. Thus, convergence studies are employed to 119
91 ness is 9.525 mm. The gross material parameters used in the simu-  ensure that enough modes are used in the simulation. As provided 120
4 92 lation are provided in Table 1; note that the elastic modulus is in Fig. 5, the results for this case converge at just two modes. 121
93 determined through three-point bend beam impact testing at the 222 Case 2. In the actual shock tube tests, the ratio of the 122
94 UnlYe{51ty of MSSISSIPPL Base exc1ta_non ﬂt) can be conslderg,d, loading diameter to the span was the significant proportion of one- 123
95 but it is converted herein to an effective distributed force which 1 .1¢ a¢” shown in Fig. 6(a). For case 2, the distributed equivalent 124
force is based upon the driven section diameter of 3 in. as pro- 125
w(x,t) vided in Fig. 6(b). 126
-
Y K
K/ 7] (D q(
/ L
kz A 4 h 4 h 4 A 4 A 4 A A &
ki
fit)
& 3 1=152.6 mm K
Base ]
Fig.2 First principles beam model Fig. 3 Distributed ioad model of case 1
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Fig. 4 (a) Applied pressure P(f) and () excitation force for VCO0ASO01 case 1

To evenly distribute the pressure over the entire beam, an
equivalent deflection of case 1 to case 2 at the middle point is
desired. The static midspan deflection in case 1 is

5 __S_ﬂ
17384 &1
and for case 2 is
5 = ol
272048 EI

In order to have the same deflection at the middle point, or
), = &, the equivalent distributed force is

q1(t) = 0.41244,(1)

After applying this equivalence to the excitation of case 1, the
forces in case 2 are shown in Fig. 7.

2.2.3 Case 3. The effective excitation force for case 3 is
obtained in the same manner as in case 2. However, the excitation
pressure is discretized into smaller constant time intervals, as
shown in Fig. 8. The difference among cases 1, 2, and 3 is strictly
excitation force; thus, the models will converge similarly.

224 Case4. Case 4 is similar to case 3 in excitation but has
different boundary conditions. End moments are added to simu-
late the effect of the test specimens overhanging the supports.

As shown in Fig. 9(b), the moment induced is

—2 modes
=-=—==4 modes
-——=6 modes

Displacement (mm)
=]

15

0 0.5 1
Time, t (s) x10°

Fig.5 Convergence study for VCOOAS01 case 1

Journal of Applied Mechanlcs

M= -lz-pAng =13.6N —mm

where p is the material density, A is the cross sectional area of the
plate, L is the length of the overhang, and g is gravitational acceler-
ation. These moments are enforced as constant X, and K, (Fig. 2)
and prove to be relatively small compared to the threshold of 1.13
x 108 N mm/rad for fixed-fixed boundary conditions. The
VCOOASO1 case 4 natural frequencies are less than 1% different
from previous cases, and the response also converges at two
modes.

225 Case 5. In case 5, additional boundary conditions are
considered. The supports were not attached to the specimens and
relative motion may occur, specifically when pinned only on one
side as in Fig. 1. Thus, the values for the lateral springs k; and k,
are adjusted to simulate this possible condition. With 1.8 x 10° N/mm
being the threshold for pinned ends, both lateral spring constants
of 1.8 x 10° N/mm were selected to allow limited motion. The
first three natural frequencies of the specimen VCO00ASO1 are
267.1, 896.2, and 1572.6 Hz. With identical excitation force as in
case 4, convergence was again reached at two modes.

76.2 mm
(@ q(t) ®) ®
' ¥ ¥ 3 = {d I

NN Y
4 1=152.6mm

¢ - '[I} % 1=152.6 mm A'I

Fig. 6 Configuration of (a) experimental specimen and (b)
simulated model

Distributed force,
q(t) (N/mm)

8.66

7.94

Time, t (ms)

0 1

Flg. 7 Equivalent force values for case 2

1.75
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%, —¢ : Ly 1 T e
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t bt
: : ! : : g 12 : X Tillne tl(ms;
0 ll T 'I 'I “ .l 'l Il 'l Il T - T 1
0 0.45 0.85 1.2 1.65

Fig.8 Excitation pressure for VCO0ASO1 case 3
(a) a(®)

Al rE T Ex I ® a0
- = M I!ll!.l! M
L= 126mm 3, Y.

L L =50.8 mm

Fig.9 Beam model for case 4

162 2.2.6 Case 6. For case 6, possible asymmetric boundary con-
163 ditions were simulated as differin% the lateral spring constants k,
164 and ky of 1.8 X 10° and 1.8 x 10’ N/mm, respectively. The first
165 three natural frequencies of the specimen VCO0ASO1 are 274.5,
166 987.1, and 1878.7 Hz. The results for VCOOASOL1 case 6 converge
167 at two modes as well.

168 3 Results

169 The six cases are plotted for VCOOASO1 in Fig. 10. Since cases
170 3 and 4 are quite similar, the overhanging portions do not induce
171 significant boundary changes. Case 1 shows a significantly greater
172 deflection, indicating an overestimation of load. Case 1 is the
173 most diverse as compared with all others; Case 2 through case 6
174 are less than 5% different. As case 5 is the most complex symmet-
175 ric case, cases 1 and 5 are used for further comparisons to experi-
176 mental data. The results for the ten different materials arc
177 provided in Figs. 11 through 20.

178 The results of the case studies as contrasted with the experi-
179 mental shock tube results are provided in Table 2. In order to
180 quantify the disparity, the root mean square (rms) relative differ-
181 ence of the model (y) to the test (x) response was calculated by

0 -
’E‘ 5 -
E
=
£ -10: - .
8
) :
& . =
a -15 —Case 1
Case 5
* test data . |
%05 1 152
Time, t (s) x10°

Fig.11 Midspan deflection for VCO0AS01

1N (- x\?
IIZ( X

=]

where n is the number of discrete data points.

4 Discussion

As discussed in the following subsections, three main conclu-
sions can be characterized from these results. Note that the peak
pressure in the shock tube was approximately 0.5 MPa and faded
over 14 ms, inducing an average velocity of approximately 6 m/s
in the specimens.

4.1 Case 1 Applicability. Unexpectedly the simplest case is
the most accurate for broken specimens. Case 1 is a reasonable
model for all fractured specimens with nanoreinforcement. This
may be because using an elastic model does not consider the plas-
tic deformation of the specimen. The consideration of the shock
impulse spanning the entire beam compensates for the neglect of
plasticity in the model. Similar results were obtained as well in
the impact tests of [12]. For the unbroken specimens, it is not clear
which case is a better model as it depends on whether the speci-
men has entered the plastic range. In short, case 1 is an advisable
model choice for response approximation for any case: the result
is a conservative overestimate of deflection.

42 Case 5 Underestimation. For most cases the model
underestimates the deflection. This implies that cither the force is
underestimated or the plate stiffness may be overestimated.
Another possible explanation is that, although the driver section is

0
Table 2 rms comparison of model to data and resulting
T conclusions
‘E’ . ! mms difference
& . | Sample Post test ~———————— Applicable
% —Case 1 | name condition (load) Casel Case5  section(s)
210 8::: g | VCO0ASO1  umbroken (048 MPa) 0648  0.624  4.2,43
2 i VC00ASO1t2 broken (0.83 MPa) 1.540 0.509 42,43
0  |—Case4 VCI12BSO1  unbroken (048 MPa) 0959 0619  4.2,43
i Case 5 ‘ VC12BS02 broken (0.83 MPa) 0.374 0.718 4.1
-16 |-~ -Case 6 i i VC25BS01 unbroken (0.48 MPa)  1.104 0.593 4.2,43
0‘ : - 0 5 1 1 : 5 ‘ VC25BS02 broken (0.83 MPa) 0.734 0.898 4.1,4.2
R . : 3 VG12BS01 unbroken (0.48 MPa)  0.563 0.579 42,43
Time, t (s) x 10 VGI2BS02  broken (083 MPa) 0402  0.746 41
VG25BS01 unbroken (0.48 MPa)  0.585 0.716 42,43
Fig. 10 Comparison of the midspan deflection of the six cases = VG25BS02 broken (0.83 MPa) 0.631 0.929 4.1
for VCO0ASO1
000000-4 / Vol. 0, MONTH 2011 Transactions of the ASME
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Fig. 17 Midspan deflection for VG12BS01 Fig. 20 Midspan defiection for VG25BS02
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Fig. 18 Midspan deflection for VG12BS02 Fig. 21 Midspan displacement of case 1 VCO0ASO01 with
changing elastic modulus

have elapsed. The rebounding behavior implies that the model
underestimates the natural frequencies of the plate. While this
) ! could be due to transverse modal coupling, the gross elastic modu-
2 A T lus is a more likely cause. As it is universally proportional to the
model’s natural frequencies, the elastic modulus measured by the
........ impact machine may undervalue the effective modulus in the
shock tube tests. The results of a parameter study for the unrein-
forced specimen VCOOASO! is shown in Fig. 21. Case 1 shows
the best agreement with the test data when the modulus used for
the simulation is 1.75 times bigger of the given value. Note that
another source of higher frequencies may be contact with the sup-
-——Case 5 ports, which will be examined in the future. Case 5 provides the
* test data same trend but does not improve its accordance as the elastic

0 02 04 ofe 0.8 1 1.2 modulus increases.
Time, t (s) x10°

v
i
b
i

SR

e e f e

oo

—Case 1

Displacement (mm)

i

)
' .
R S |
i

5 Summary

The structural response to an arbitrary shock load has been
obtained through a modal analysis simulation. Model input
includes the gross material properties, physical geometry, and
shock tube pressure. Closed form equations have been employed
to generate the mode shapes and natural frequencies that corre-
spond to ten different composite material configurations. After
considering a variety of boundary conditions and impulse discreti-
zations, simulation responses show that a uniform full-span load
generated from an averaged pressure model provides a fairly accu-
rate model. This case specifically applies for all fractured speci-
mens with reinforcement, and it is an advisable and conservative

4.3 Frequency Underestimation. For every experimental choice for all other specimens as well. The model is strictly linear;
test, the measured data points reveal an upward trend before 1.75 ms  however, the specimens enter a nonlinear plasticity or fracture

Fig. 19 Midspan defiection for VG25BS01

close to contacting the specimen, leakage may exist which could
allow the pressure pulse to spread to other areas besides the driver
section. This would have a considerable effect as the linear model
is quite sensitive to the applied force. Additionally, the beam
model does not consider any transverse or directional plate prop-
erties. The layup of the E-glass fibers is also neglected as the gross
material properties are employed.
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state. All specimens are composite, so an isotropic beam model
will result in additional disparity. Despite these simplifications,
the results with the closed-form beam model are similar in range
with the experimental results. Thus, this quick and efficient tool
estimates experimental shock tube test response with reasonable
accordance.
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Dynamic Mechanical and Impact Property
Correlation of Nanoclay and Graphite Platelet
Reinforced Vinyl Ester Nanocomposites
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ABSTRACT: An experimental investigation was carried out to correlate the impact response of
nanocomposites with the dynamic, inherent damping, and glass transition properties of Derakane
411-350 vinyl ester thermoset reinforced with 1.25 and 2.5 wt% Cloisite 30B nanoclay and exfoliated
graphite nanoplatelets (xGnP).

Dynamic mechanical analysis was performed to obtain the visco-elastic properties such as storage
modulus (E'), loss modulus (E"), glass transition temperature (7,) and loss factor (Tan 8). Low
velocity impact tests were performed at an approximate strain rate of 155~ on notched and un-
notched Charpy samples using a drop-tower impact test system. Storage modulus was observed to
increase with increasing nano reinforcements (max 40% for graphite platelet/vinyl ester nanocom-
posite). Loss factor also showed a significant increase of 80% with the addition of nanoclay, and
125% with graphite platelet. Glass transition temperature and loss modulus of nanoclay and graph-
ite platelet reinforced nanocomposites also showed significant improvements over the pristine poly-
mer. Low-velocity impact tests showed an increase of almost 100% energy absorption for un-
notched samples with increasing nano reinforcement. However, a 70-90% reduction was observed
in the case of notched samples. A direct correlation between impact response and dynamic mechan-
ical properties for these vinyl ester nanocomposites was observed.

KEY WORDS: dynamic mechanical analysis, low-velocity impact, storage and loss modulus, vinyl
ester nanocomposites, damping and glass-transition.

INTRODUCTION

N THE PAST decade several polymer composites have been developed with different
fiber reinforcement to improve modulus, strength, fatigue, corrosion mitigation, dur-
ability, flammability, and viscoelastic response. It is reported that mechanical and thermo-
mechanical properties of composites are vastly improved by reinforcing the polymer with
nano-sized rather than micron-sized particles of the same material {1]. One of the reasons
attributed to this is fewer defects in the filler particle at the nano level as compared to

*Author to whom correspondence should be addressed. E-mail: meprm@olemiss.cdu
Figures 1-5 and 7 appear in color online: http://jrp.sagepub.com i
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micro or macro level [2]. Further, many important chemical and physical interactions are
governed by surfaces and surface properties [3]. Hence, nanoreinforcements having very
high surface-to-volume ratio exhibit substantially different composite properties.

These new class of composites are increasingly being studied for their application in
structures such as spacecrafts, airplanes, warships etc. which require high stiffness-to-
weight ratio along with high damping. Nanoclay [4—7] and graphite platelets [8—12] are
some of the nano scale inclusions proposed as filler materials showing promise for struc-
tural applications, and have been investigated in this work for naval ships and homeland
security applications. It is well known and documented that stress state in composites
could be multi-axial and nonuniform even under a uniaxial loading due to complex inter-
action between the fiber and matrix. Hence, a detailed study into the dynamic behavior
and the principles guiding them is a must before putting these nanocomposites in use. It
includes understanding the elastic and fracture properties as well as interaction between
fiber/matrix interface.

It is well known that composites loose significant properties above the glass transition
temperature. Structural materials subjected to dynamic loading should ideally have high
stiffness along with high damping to be effective in blast/shock/impact loading. Further,
high storage modulus to enhance the ability to absorb energy before failure as well as high
loss modulus to dissipate the energy are advantageous. High damping or loss factor (tan 8)
expressed as the ratio of loss modulus to the storage modulus, is also desirable to avoid
catastrophic failure. )

The objective of this work is to study the impact and dynamic properties of nanoclay/
vinyl ester and graphite platelet/vinyl ester nanocomposites with 1.25 and 2.5 wt% nano
reinforcements and comparison with the pure polymer. These nanocomposites are proposed
as face plates of sandwich composite structure with fire-resistant foam layered in between to
enhance the energy absorption along with optimal flexural rigidity, vibration damping and
reduced flammability. This new class of material is expected to make the structure blast/
shock/impact resistant with reduced weight for naval ships and homeland security applica-
tions. An attempt is made to investigate the correlation between dynamic mechanical and
impact properties, which can reduce the need for more expensive impact testing.

EXPERIMENTS
Specimen Preparation

For this research, Derakane 411-350 vinyl ester thermoset plates of dimension
280mm X 280mm x 10mm (10" x 10" x 0.39") were manufactured at Michigan State
University with 1.25 and 2.5wt% of cloisite 30B nanoclay and exfoliated graphite nano-
platelets (xGnP). High viscosity of viny! ester resin restricted the higher percentage of nano
reinforcement due to the problems with removal of entrapped air and improper mixing.

Dynamic mechanical analysis was performed in single cantilever deformation mode with
fixed-fixed boundary condition using a clamp having a span of 17.5mm (0.69"). Prismatic
samples with nominal dimension of 10.0mm width x1.6mm thick. (0.39” x 0.06") were
milled from the manufacturer supplied plates and cut to a length of ~30mm (1.18") to
provide sufficient overhang for clamping. It is to be noted that in all the samples, thickness
of supplied plate (10 mm) was used as width for the DMA sample. Two samples were
tested from each configuration.
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Low-velocity impact tests were performed in flexure mode using simply supported fix-
ture with a span of 95.25mm (3.75"). Impact samples were milled to the dimensions of
127 x 10.0 x 12.7mm (5" x 0.39" x 0.5”), as per ASTM D-6110-06 [13] test requirements.
Five samples were tested from each configuration with and without notch. The notch,
where applicable, was cut by specially made milling cutter with an angle of 45° and a depth
of 2.54mm (0.1”) from top of plate, maintaining a dimension of 10.16 % 0.05mm
(0.400” + 0.002”) for thickness under notch. It is to be noted that thickness of the specified
plate (10 mm) was used as width for impact sample.

Dynamic Mechanical Analysis

Dynamic mechanical analyzer (DMA) is used to characterize the dynamic properties of
material as a function of temperature and frequency. It is a powerful technique used to
characterize the storage modulus, loss modulus, damping and glass transition temperature
of viscoelastic materials by subjecting small samples to an oscillatory load under a con-
trolled temperature program. Material under testing is vibrated in flexure at varying
temperature; and force and amplitude are recorded to obtain the dynamic properties.

DMA tests were performed in accordance with ASTM D4065-01: ‘Standard Practice for
Plastics: Dynamic Mechanical Properties: Determination and Report Procedures’ [14]
using model Q800 DMA (TA Instruments, USA) and recommendations of the machine
manufacturer [15,16].

DMA Q800 is a controlled stress with a combined motor and transducer (CMT)
machine in which the motor applies a force and displacement sensors measure strain.
Force and amplitude are the raw signals recorded by the machine. Stiffness is calculated
directly from force and amplitude and modulus is calculated by multiplying the stiffness by
an appropriate geometry factor. The geometry factor for a single-cantilever clamp is
calculated by [15].

173 /L
GF_F[121+ 25(1 +v)A] )
where:
L = sample span length of one side (mm)
A = sample cross sectional area (mm?)
I = geometric moment (mm®*) = (bh*/12)
h = sample thickness (mm)
b = sample width (mm)
F = clamping factor (nominally 0.9)
S = shearing factor (nominally 1.5)
v = Poisson’s ratio (nominally 0.44)

As can be seen from the formula, the geometry factor is an exponential function of span
length and thickness. Hence, it is important that due care is taken in preparation and
measurement of the samples. A digital vernier caliper with a least-count of 0.01 mm
(0.0005") was used in this test, and the average of width and thickness at five different
locations was recorded. A variation of <0.03 mm was observed in the dimensions of the
individual sample.
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After several trial runs, single cantilever clamp was used for experiments. Three-point
bend clamp was first tried because of the advantage of nullifying friction and clamping
effects, but stiffness of vinyl ester nanocomposites was dropping below working range of
machine for larger sample required in three-point bend clamp.

Testing of all the specimens were done at a frequency of 1Hz and displacement ampli-
tude of 25 pm. Temperature range of —50 to 150°C with a temperature ramp of 3°C/min
was used for characterization. Samples were clamped with a torque of 1.13Nm (101bin.)
and two samples were tested from each configuration.

Low-velocity Impact Test

Low-velocity impact tests were performed in a drop-weight instrumented impact test
system (Instron Model 8250) and the test method used was comparable to that of ASTM
D6110-06 [13]. The difference being that a drop-weight system was used instead of pen-
dulum type machine recommended in the standard.

The sample dimensions were used as input in the Instron software for calculation of
normalized-to-thickness values of absorbed energy. For this purpose, all the dimensions
except that of notch were measured using digital vernier caliper with least count of
0.01 mm (0.0005"). Notch dimensions of random specimens were verified on comparator
for angle, depth, and radius. In all other samples, notch depth was measured using vernier
caliper and a straight edge. Straight edge was kept on top of the surface and depth was
measured using inside jaws of vernier caliper with one jaw on straight edge and another on
end of notch.

Specimens of dimensions as specified earlier were kept on a steel support fixture having
central span of 95.25mm (3.75”) with notch (where applicable) facing down, simulating
a simply supported beam configuration. These specimens were impacted with a steel
charpy tup from a suitable drop height. It was ensured that the steel tup hits the specimen
at the middle both lengthwise as well as widthwise by providing appropriate stoppers in
the fixture.

After several trial runs, the cross head weight was set at 2.364 kg (5.21bs) providing a
total drop weight of 3.318kg (7.31bs) with a drop height of 177.8 mm (7”). Load range
used for tests was standardized to 4.448 kN (10001bs). Filter was set at 4kHz and time
for data collection was set to 20mS. Velocity slowdown of <20% was observed in all
the results.

RESULTS AND DISCUSSION

Figures 1 and 2 show typical outputs of storage modulus, loss modulus, and loss factor
as a function of temperature for pure vinyl ester and 2.5wt% graphite platelet/vinyl ester
nanocomposites. Figures 3—5 show the comparison of storage modulus, loss modulus, and
loss factor with respect to temperature for the vinyl ester nanocomposites. Glass transition
temperature reported here is from the peak of loss modulus, as per ASTM D4065-01 [13],
and loss factor from peak of tan § curve. These figures show the results for one sample, and
the a transition has been used for reporting the peak tan § value. It is also to be noted
that only one distinct tan § peak was observed in case of the 2.5wt% graphite platelet
reinforced vinyl ester, while other configurations showed two tan & peaks.
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Figure 1. Typical dynamic modulus and damping for pure vinyl ester.
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Figure 2. Typical dynamic moduius and damping for vinyl ester with 2.5 wt% graphite piatelets.

It is observed that storage modulus increases gradually with increase in nanoclay
reinforcement in vinyl ester. However, 2.5wt% graphite platelet reinforcement showed
significant improvement (~30%) in storage modulus as compared to 1.25wt% reinforce-
ment. Area under the tan § curve (Figure 5(c)), which is believed to be a good indicator of
the energy absorption capacity of the material [17], glass transition temperature, and loss
factor also showed an increase with increasing reinforcement for both nanoclay and graph-
ite platelets.

Figure 6 shows the total energy absorption up to failure, for pure vinyl ester and their
nanocomposites, when subjected to low-velocity impact. It is observed that for un-notched
specimens, the energy absorption doubled when reinforced with 2.5wt% Cloisite 30B
nanoclay, and graphite platelets. However, notched specimens showed a 50% decrease
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Figure 3. (a) Storage moduius vs. temperature of vinyl ester nanocomposites, (b) Storage modulus of vinyl
ester nanocomposites, at 23°C.

in energy absorption for 2.5 wt% nanoclay reinforcement, and a 75% decrease for 2.5 wt%
graphite platelet reinforcement, suggesting their notch sensitivity. Notch sensitivity shown
with nanoreinforcement may be attributed to the interfacial stress transfer phenomenon
noted by Roy Xu et al. [18,19] due to stress singularity at the fiber—matrix interface, and
inefficient interfacial shear stress transfer in discontinuous fiber because of the high stiff-
ness property mismatch.

The main objective of this research was to investigate the correlation between the
dynamic and impact properties of the material. Properties of a polymer are dependent
on its cross-linking and molecular mobility, which can be obtained by performing
dynamic tests. Storage modulus and loss modulus are indicators of energy absorbing
and dissipating capacity of a material. The area under the tan § curve is another indicator
of the degree of molecular mobility and, hence the damping properties of the material.
Higher damping will increase the energy absorption and dissipating capacity of the
material.

A correlation between the dynamic mechanical and impact properties was attempted
which may be helpful in determining impact properties without performing the more
expensive and destructive impact experiments. Figure 7 shows the correlation of total
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Figure 4. (a) Loss modulus vs. temperature of vinyl ester nanocomposites, (b) Glass transition temperature
of vinyl ester nanocomposites, at loss modulus peak.

absorbed energy (from impact tests) with respect to area under tan § curve (from the DMA
tests) along with proportional variability in the output values using the square of corre-
lation coefficient, R>.

Similar correlation of total impact energy was attempted with storage modulus at room
temperature; loss modulus at room temperature; loss factor at peak of tan §; and glass
transition temperature, and is summarized in Table 1.

Results demonstrate that an increase in area under the tan § curve will most likely
improve the impact energy absorption. Loss modulus at room temperature, and high
loss factor peak also show good correlation with the impact energy absorption.
However, the percentage increase is different for nanoclay and graphite platelet reinforce-
ment, with nanoclay showing more sensitivity (higher slopes of the linear fit line, Table 1).
Storage modulus and glass transition temperature also show some correlation with the
impact energy. This is better than previously conducted experiments on sheet molding
compound (SMC) glass resin composite formulations which showed marginal correlation
of impact properties with the dynamic mechanical properties {20]. Further studies using
different matrices and reinforcement material are required to establish a distinct relation-
ship between the dynamic and impact properties.
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Table 1. Correlation (linear) of total energy (from impact) with the
dynamic mechanical properties (from DMA).

Nanocomposite Nanoclay/Vinyl ester Graphilte platelet/Vinyl ester
Reinf. Wt% 0% 1.25% 250%  Correiation 0% 1.25% 2.50% Correlation
Total energy 0.808 1.323 1.510 coefficlent, A2 0.808 1.182 1.480 coefficient,
(and slope) A2 (and slope)
Storage modulus 2717 2790 2924 0.827 (3.149) 2717 2.661 3.491 0.635 (0.578)
Loss modulus 7116 7213 7359 0.863(0.276) 71.16 90.89 117.6 0.977 (0.014)
Loss factor 0.311 0466 0.693 0.867 (1.760) 0.311 0.351 0560 0.818 (2.276)
Area under tan & 1820 20.12 2196 0.939 (0.187) 18.20 2276 24.33 0.957 (0.103)

Glass transition temp. 66.16 7278 87.82 (0.783 (0.029) 66.16 64.82 94.69 0.854 (0.016)
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CONCLUSIONS

From DMA experiments, graphite platelet reinforcement showed a greater improve-
ment in storage modulus, loss modulus, and glass transition temperature as compared
to nanoclay, where as nanoclay shows higher loss factor compared to graphite
platelet reinforcement. Area under the tan § curve, and energy absorption up to failure
show similar improvement for both nanoclay and graphite platelet reinforcement.
Impact energy was observed to have a good correlation with area under the tan § curve.
Some relationship with loss modulus at room temperature for nanoclay and graphite
platelet reinforcement as well as with loss factor was observed, but with different levels
of sensitivity. These nanoparticle reinforced composites appear to be good candidates for
proposed application as blast/shock/impact resistant structures.
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ABSTRACT

In this paper, the Dynamic Mechanical Analyzer is
used to study the effects of hygrothermal exposure on
material properties of graphite platelet and nanoclay
reinforced vinyl ester nanocomposites. An attempt is made
to empirically model the change in glass transition
temperature under hygrothermal effects. Aged specimens
were observed to have drop in glass transition
temperature as well as a reduction in the damping peak
magnitude, indicating possible formation of microcavities
(irreversible morphological changes) mainly in the vinyl
ester with nanoclay reinforcements. A dominant trend of
drop in the room temperature storage modulus in all
nanocomposites was also observed, though the drop is
more pronounced in nanoclay specimens and increases
with duration of aging exposure. Empirical Predictions of
degraded modulus as a function of temperature did agree
quiet well with experimental data from DMA, and error
between modeled data and the experimental is becoming
more pronounced in the rubbery region for nano-
reinforced specimens.

INTRODUCTION

Accurate prediction of the durability or life of
composite structures in service environments is a major
concem. Service environments are temperature, moisture,
mechanical loads (static or cyclic) or a combination of
these, known as hygrothermomechanical environments.
Plasticization of polymer based composites by water
absorption leads to a drop in the glass transition
temperature, T,, and further degradation of composite
mechanical properties, Warm, moist environments can
considerably change the performance of a material as
demonstrated in several polymeric systems [1].

The available free volume (pores) in a resin alters the
water equilibrium concentration and can, in addition,
occupy micro-voids and other morphological defects.
Water absorbed in the polymer is generally grouped into
free water and bound water [1].Water molecules, which
are gathered in the free volume of the polymer and are
relatively free to travel through the microvoids and pores,
are identified as free water, while water molecules that are

ASME 2010 Early Career Technical Journal, Vol. 9

dispersed in the polymer matrix and linked to the polar
groups of the polymer are designated as bound water. A
loosely bound water within the polymer network is
recognized as the one which can be released easily upon
heating [2], and strongly bound water (frozen) is difficult
to remove from the polymer network.

Moisture uptake in a polymeric composite can lead
to chemical degradation effects, both reversible and
irreversible, including weakening the intermolecular
bonds among the functional groups of the chains
(plasticization) [3], debonding at filler-matrix interfaces
[4], leaching of unreacted functional groups [5], micro-
structural damage such as cavities or pores in the matrix
[6], increased crosslinking [7], and degradation of the
matrix properties due to hydrolysis and oxidation during
long-term exposure to water [5].

Mechanical and thermal behavior could also be
affected due to moisture absorption, the thermal propetties
such as the glass transition temperature and damping
properties, and mechanical properties including tensile
strength, modulus, failure strain [8] and fracture toughness
[9] can be significantly altered.

The kinetics of water diffusion is assumed to follow
the one-dimensional Fick’s second law, which considers
that the driving force of diffusion is the water
concentration gradient. Some other models have also been
applied to describe more complex diffusion processes. A
two-phase model has been utilized to interpret the
Langmuir diffusion process [10], in which the absorbed
water is divided into a free phase and a strongly bound
phase.

Alvarez and Vazquez [11] have studied the effect of
water absorption on the behavior of vinylester (VE) and
polyester—glass fiber composites at two different
temperatures. A relation was found between the glass
transition temperature (T,), the bath temperature and the
plasticization of the network-structure. Poor fiber-matrix
interfaces were observed by a scanning electron
microscope (SEM) due to water absorption. Extraction of
silane coupling in composite materials was observed at a
temperature of 80 C. In addition, unsaturated polyester
matrix absorbs more water than VE due to its higher
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hydrophilic character and void content. It was observed
that mechanical properties (flexural modulus and
interfacial shear strength) decrease remarkably with
immersion time at high temperatures.

Plasticization of polymeric based composites under
water absorption leads to a drop in the glass transition
temperature, T, and further degradation of composite
properties [12]. In this study, the effect of hygrothermal
exposure on glass transition temperature and damping of
nanoclay and graphite platelet reinforced vinyl ester
nanocomposites are characterized and modeled
empirically.

MATERIALS AND ENVIRONMENTAL AGING

The polymeric matrix used was a vinyl ester resin
(Ashland specialty chemical, Division of Ashland INC,
Columbus, OH). DERAKANE 510A-40 vinyl ester resin
is a brominated bisphenol-A based vinyl ester consisting
of 38 wt. % styrene, and modified to produce the
maximum degree of fire retardancy combined with
enhanced chemical resistance and toughness. These
additives are Butanone peroxide, N,N-Dimethylaniline,
Cobalt Naphthenate, and 2-4-Pentanedione, all supplied
from Sigma Aldrich (St. Louis, Mo).

Exfoliated graphite nanoplatelets (xGnP) were
produced according to the method described in Ref [13].
Figure 1 (a) shows a TEM morphology for edge view of
xGnP inside the matrix. These xGnP nanocomposites have
exfoliated and dispersed graphite platelets with 1 nm
thickness and several hundred nanometers widths. The
distance between layers is in the range of 10~30 A and the
size of the layered graphite extends from several hundred
nanometers to several microns. The nanoclay was Cloisite
30B from Southern Clay Products, Inc as shown in
Figurel (b).

Nanocomposites were prepared by dispersing about
3000 gm of epoxy vinyl ester resin solution with different
percentages of nanoclay or nanographite in a 1 gal
container for 4 hours, followed by 4 passes through a flow
cell connected to a 100 W sonicator. 1% Butanone
peroxide, 0.2% of 2-4 Pentanedione, 0.1% N,N-
Dimethylaniline, and 0.2% Cobalt Naphthenate were
added to the mixed vinyl ester resin solution in order and
mixed for 10 min. The above mixed resin solution was
mixed for 2 min with FlackTek speed mixer at 3000 RPM.
The well-mixed viny! ester resin solution with nanoclay or
nanographite was poured into a 13”x13”x0.4” mold, let
stand for 30 minutes at room temperature and then was

post cured at 80 °C for 3 hours. Prismatic samples with
nominal dimension of 35 x 10 x 1.6 mm size were
prepared from these plates and tested before and after
environmental aging in a DMA using the single-cantilever
clamp fixture.

The hygrothermal aging effect on both mechanical and
thermal properties was studied through conducting a
freeze-thaw cycling, in which a specimen is submerged in
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a water bath, subjected to a temperature cycling from 15 F
to 45 F each over a 6 hour period. Aged Specimens were
divided into two sets based .on the immersion time. The
first set was taken out after 60 days and tested and the
other is left inside the environmental chamber for 60 more
days. Specimens subjected to freeze-thaw cycling were
tested using the TA Instruments model Q800 Dynamic
Mechanical Analyzer to obtain viscoelastic properties.

h\":lbﬂ:l: and Streturde Gentar,
4 University 2006

(b)
Figure 1. TEM images of nanoparticle dispersion for
(a) xGnP, and (b) Cloisite® nanoclay [14].

MOISTURE UPTAKE

It should be noted that nano-specimens were weighed
before and after aging exposure, using digital meter with a
1% gm resolution, thus moisture measurements using this
technique might be not sufficient accurate with relative to
the weight of water molecules absorbed. Water absorption
(percent) as a function of immersion time was determined
using the following Equation:
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where M, is the weight at a time, t, and M, is the weight at
dry conditions. Table 1 lists moisture absorbed by weight
percentage versus immersion time.

Table 1. Moisture absorption (wt. %) for vinyl ester
nanocomposites as a function of immersion time.

Material M (%) after | M (%) after
60 days 120 days

Vinyl ester matrix 3.0 4.5

(VE)

VE+1.25wt. 1.4 2.8

percent nanoclay

VE+2.5 wt. percent 1.4 5.5

nanoclay

VE+1.25wt. 12 2.5

percent xGnP

VE+2.5 wt. percent 1.4 2.8

xGnP

DYNAMIC MECHANICAL ANALYZER

To obtain the thermal transition characteristics of the
vinyl ester nanocomposites, both prior to and after
environmental aging, dynamic measurements were carried
out using the TA Instrument model Q800 DMA on
prismatic specimens with 0, 1.25 and 2.5 wt. percent
graphite  nanoplatelet  (xGnP) and  nanoclay
reinforcements. Specimens were deformed at constant
amplitude (25, over a 1 Hz single frequency, with

temperature ramped at 3°C per minute starting from
30°C (RT)to 150°C.

EXPERIMENTAL RESULTS

Moisture uptake by resin causes hydrolysis and chain
scission over the long term and plasticization in the short
term due to moisture absorption, which generally results
in a decrease in storage modulus (E’) as well as drop in
the glass-transition temperatures, linked to the degree of
molecular mobility [15]. Vinyl ester nanocomposites
exhibited a reduction in T, as a function of immersion
time except for the case of 2.5 wt. percent xGnP (Table 2).
A drop in the room temperature storage modulus in the
nanocomposites was also observed which is more
pronounced in nanoclay specimens and increases with
duration of aging exposure, whereas those reinforced with
xGnP experienced steady modulus variation insensitive to
aging time. For example, pure vinyl ester resin had a
maximum drop of about 400 MPa in room temperature
modulus compared to 150 MPa for those reinforced with
1.25 wt. % xGnP based upon 120 days of immersion time.

Intermolecular hydrogen bonding by water molecules
(plasticization) can be manifested by a decrease in the
room temperature modulus which is found in nanoclay
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composites. However, it is clear that stress relaxation
allows increased molecular movement, which in turn
allows further cross-linking to occur. In fact, the water
uptake process at the outset is quite complex due to the
competing effects of plasticization and crosslinking and
the mechanism is further complicated due to a possible
cure progression under immersion in aqueous solution
which cause higher modulus and increased brittleness
[15]. Data scatter tends to be greater. between aged
specimens than those unaged, with a tendency towards
greater scatter with longer aging exposure. The reason
may be because of uneven plasticization taking place or
specimen shrinkage during temperature ramp in DMA
tests.

Table 2. Viscoelastic properties for vinyl ester
nanocomposites before and after aging exposure.

Peak | Initial
T, | ofloss | modulus

Material Conditions { (°C) | factor | (MPa)
Dry 125 1.23 2950

Vi t
‘“ylvgs " [60days | 124 | 1.08 | 2950
120 days | 117.5 | 0.93 2600
1.25% Dry 122 1.2 2900
nanoclay/VE | 60 days 122 1 3400
120 days 119 1 2700
25% Dry 124 1.25 3100
nanoclay/VE | 60 days 121 0.96 3000
120 days 121 0.9 2700
1.25% Dry 126 1 3500
xGnP/VE | 60 days 121 1 3300
120 days 122 1 3350

25%
xGnP/VE | Dry 129 | 0.94 3800
60 days 123 0.7 3700
120 days 128 | 0.83 3500

Unlike the trend observed for nanoclay
specimens, Tg was initially reduced in xGnP specimens
and then rose again with further moisture absorption, in
some cases it becomes close to the original dry T, of the
material. Comyn [16] also reports similar behavior for
epoxy where, Tg initially reduced and then it went up
again with further moisture absorption. These xGnP
reinforced specimens show a more considerable increase
in Tg (120 days compared to 60 days), which could be
evidence of embrittlement or antiplasticization
phenomena. Antiplasticization is basically leaching of free
(non-crosslinked) styrene monomer residues that act as a
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plasticizer in the material after longer immersion time in
water. In addition to the above effects, it is believed that
major effect occurs due to rapid heating induced by the
DMA test, which has also been observed by Akay et al.
[17].

MODELING GLASS TRANSITION TEMPERATURE
The hygrothermal degradation based on plasticization
of vinyl ester nanocomposites is modeled based on the
following empirical Equation 2. Equation 2 is based on
the experimental observation that degradation in property
(stiffness) is gradual until the temperature T approaches
Tew [12]. The value of Ty, is obtained from DMA
experiments as the peak of loss-factor (Tan § peak).

@= T"—T 12 (2)
E, |T,-T,

Where

E= matrix stiffness after hygrothermal degradation.

E.= matrix stiffness before degradation (baseline).

T= temperature at which E is to be predicted (F).

T,= glass transition temperature for reference dry
condition.

Tyw=glass transition temperature at fully saturated
conditions (120 aging days).

T,= test temperature at which Eo was measured (room
temperature).

8 Exp AModel
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Figure 2. Emperical model predictions and
experimental results of modulus vs temperature for
(a) brominated vinyl ester (VE), (b)1.25 wt.%
nanoclay/ VE, (c) 2.5 wt. % nanoclay/ VE, (d) 1.25
wt. % xGnP/ VE and (e) 2.5 wt. % xGnP/ VE.

The degraded modulus as a function of
temperature obtained from DMA along with that predicted
at approximately fully saturated conditions (Equation 2) is
plotted in Figures 2 (a-e). The predicted degradation of
modulus as a function of temperature did agree quite well
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with experimental data from DMA; however, the
degraded modulus based on model prediction was
generally less than the experimental modulus for all
specimens tested. Moreover, error between modeled and
experimental data in the rubbery region is more
pronounced for nano-reinforced specimens especially with
2.5 wt. %. Again, this can be an indication of irreversible
damage taking place in the form of fiber-matrix
debonding (cross-linking) which can be directly assessed
from the rubbery region [18].

CONCLUSIONS

Hygrothermal aging effect on graphite platelet and
nanoclay reinforced vinyl ester nanocomposites was
studied by conducting a freeze-thaw cycling, in which a
specimen is submerged in a water bath, subjected to a
temperature cycling from 15 F to 45 F for 60 and 120
days. Aged specimens were observed to have drop in Tg
as well as a reduction in the damping peak magnitude,
indicating  possible formation of microcavities
(irreversible morphological changes) mainly in the vinyl
ester with nanoclay reinforcements. A dominant trend of
drop in the room temperature storage modulus in all
nanocomposites was also observed, though, the drop is
more pronounced in nanoclay specimens and increases
with duration of aging exposure.

For xGnP specimens, Tg, was initially reduced and
then rose again with further moisture absorption, which
could be an evidence of embrittlement or
antiplasticization phenomena. Furthermore, stable

variation of initial storage modulus as a function of aging
" time because of possible cross-linking (antiplasticization)
in xGnP specimens, and there is some recovery in
properties of these aged specimens compared to ambient
as they are heated during the DMA test.

The hygrothermal degraded stiffness (storage
modulus) as a function of temperature was modeled
empirically. Prediction of degraded modulus as a function
of temperature did agree quiet well with experimental data
from DMA, however, degraded modulus based on the
model prediction was generally less than the experimental
modulus for all specimens tested and error between
modeled data and the experimental is becoming more
pronounced in the rubbery region for nano-reinforced
specimens.

Further work involves empirical modeling of
mechanical properties (strength and stiffness) for
brominated vinyl ester nanocomposites under hot-wet
conditions.
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ABSTRACT

ARTICLE INFO

Article history: The dynamlc modulus and dampling, low-velocity impact and high-straln (Hopkinson bar) response of
Received 5 December 2007 nanoparticle-enhanced composites and fly ash based fire resistant structural foams have been character-
W": in revised f°"“00285 February 2008 Ized. Molecular Dynamic (MD) simulations were also used for obtaining the elastic constants for different
Accepted 26 February 2 matrices relnforced with single and multi-wall carbon nanotubes (MWCNT), Experimental results on the

Sietiile eioe 20 Mudh 2008 dynamic and impact response of nyion 6,6 with MWCNT, vinyl ester with nanoclay and graphite platelets,

and Eco-Core® foams are presented; along with some of the predictions from molecular simulations.

{'{lw""d’mm An Increase In dynamic modujus and marginal drop in damping was observed with the addition of muiti-
A Poa'ny(:rsm wall carbon nanotubes to pristine nylon 6,6. Addition of MWCNT was detrimental to the maximum load
A. Polymer matrix composites and energy absorption under low-vejocity impact, However, an improvement In strength and energy
absorption was observed with Hopkinson pressure bar apparatus at high-straln rates under compressive
loading. Results obtalned from molecular simuiations show that MWCNTS are transversely Isotropic, and

the transverse properties are comparatively poor.
Published by Elsevier Ltd.
1. Introduction and other engineering areas. Carbon nanotubes (CNT) have become

Fiber-reinforced poiymer (FRP) composites are increaslngly
being used in navai platforms for improving the stealth and reduc-
Ing topside weight, corroslon mitigation, fatigue, maintenance and
operational costs. FRP composltes are presently being used In US
Navy Ships such as the Osprey class mine hunter, and for topside
structures on large warships such as the Advanced Enclosed Mast
System (AEMS). The navy also has plans to integrate more compos-
Ites into the new generation CV(X) and DD(X) ship class designs.
Structures in these applicatlons are often subjected to high-strain
rates due to Impact by hard objects, mIne blasts, projectile penetra-
tion and coilislons.

On the other hand, the emergence of nano-sciences during the
fast decade has drasticaily aitered the iandscape of scientific re-
search and technology development. Nanorelnforcement of engi-
neering materials can Impart dramatic structural (e.g. stiffness)
and physicai (e.g. reduced CTE) property benefits without adding
slgnificant welght. The essence of nanotechnoiogy is the ability
to work at a scale of about 1-100 nanometers, in order to create,
manlpulate, and use materials, devices, and systems that have no-
vel properties and functions. Nanoparticie reinforced materials of-
ten have superior mechanical, thermal, electrical, magnetic, and
electromagnetic properties. This is why nanotechnoiogy finds
applications in blomedlcal, blochemical, pharmaceutical, genetic
engineering, materials, polymer science, electronics, composites,

* Corresponding author. Tel.: +1 662 915 5990; fax: +1 662 915 5523,
E-moil oddress: meprm@olemiss.edu (P, Raju Mantena),

0266-3538/$ - see front matter Published by Elsevier Ltd,
dol:10.1016{j.compscitech.2008.02.035

a primary focus In nanotechnology research due to their exception-
ally high stiffness and strength. Many experimental and theoreticai
studies have been performed on single and multi-wall nanotubes.
in particular, deformation modes and overall tube stiffness have
been examined. Thls problem will be even more challenging In
the case of nanocomposites in which carbon nanotubes are dls-
persed randomly In a polymeric matrix. Since the length-to-diam-
eter ratio of CNTs exceeds 1,000,000 and they can be up to severai
millimeters In length, thelr presence may affect the dynamic re-
sponse of such nanocomposltes.

The Composite Structures and Nano-Engineering Research
Group at University of Mississippl 1s conducting research on dy-
namic and acoustic response, freeze-thaw effects, and moiecuiar
dynamlc slmulations of nanoparticle-enhanced composites and
fly-ash based fire reslstant structural foams that are being devel-
oped for the future generation navai structures, or retrofitting of
existing ones. Results from molecular simulations and experimen-
tal data on the dynamic and impact response of nylon 6,6 thermo-
plastic with different welght-percents of multi-wall carbon
nanotubes (MWCNT), vinyl ester with nanoclay and graphite plate-
jets, and Eco-Core® structurai foams are presented In this paper.

2. Nanoparticle-enhanced composite and Eco-Core foam plates

For this research, several 305mm x 305 mm x 9.5mm
(12" x 12’ x 0.375") thick nylon 6,6 thermoplastic plates reln-
forced with 1.25, 2.5, 5 and 10 wt.% multi-wail carbon nanotubes
(MWCNT, suppiied by Hyperion Catalysis) were prepared by
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Ensinger Inc. using a proprietary pressure extrusion process. A
higher 20 wt.X loading of MWCNT resulted in plate fracture after
extruding. Attempts were also made to manufacture vinyl ester
(VE) resins contalning multl-wall carbon nanotubes at the Michi-
gan State University -~ Composite Materials and Structures Center.,
Two loading levels were investigated, namely, 1.25 and 2.50 wt.%
MWOCNT in Derakane 411-350 vinyl ester resin, Each blend exhib-
ited very high viscosity and tackiness, presenting significant pro-
cessing challenges to uniformly distribute the curative package
and remove entrapped alr during consolidation. Smaller plates of
89 mm x 152 mm x 9.5 mm (3.5" x 6* x 0.375") were initially at-
tempted; however, these contained large voids and non-uniform
properties across the parts. The high viscosity of the MWCNT-vinyl
ester resin restricted the removal of entrapped alr, and plaques
with acceptable quality were not produced. Derakane 411-350 vi-
nyl ester thermoset plates 280mm x 280mm x 9.5 mm
(117 x 11* x 0.375") thick reinforced with 1.25 and 2.5 wt.% Cloi-
site 30B nanoclay and exfoliated graphite nanoplatelets (xGnP)
were successfully fabricated at Michigan State University.

Fly ash based Eco-Core foam plates supplied by North Carolina
ART State University were designated as OM11, OM12, OM16,
OM21, OM18 and OM19. Plates OM11 and OM12 consist of fly
ash with phenolic resin (no added fibers)+ 1 ply phenolic resin-
coated glass fiber veil (on top/bottom surface). Plate OM16 consists
of fly ash w/phenolic resin (0 wt.% 0.125-in chopped glass fiber)
and no covering. Plate OM21 consisted of fly ash with phenolic re-
sin (+6 wt% 0.125-In chopped glass fibers) and no covering. Plates
OM18 and OM19 consisted of fly ash with phenolic resin (+6 wt.%
0.125-In chopped glass fibers) and 1-ply covering of phenolic re-
sin-coated glass fiber veil (on top/bottom surface).

The densities of nylon 6,6 reinforced with MWCNT, and vinyl
ester relnforced with Cloislte nanoclay and graphlte platelets, are
shown in Fig. 1. Theoretlcal densitles calculated by the rule of mix-
tures were within 5% of experimental values. As can be observed,
the densities of vinyl ester reinforced with graphite platelets is
lower than their counterpart nylon 6,6 reinforced with MWCNT.

3. Flexural/extensional modulus and damping characterization

A non-destructive impulse-frequency response vibratlon tech-
nique {1-3] was used for characterizing the dynamic flexural/
extensional modulus and damping of nanocomposites and Eco-
Core foams. The frequency response function (FRF) obtalned from
the impact and accelerometer signals was used for computing
the dynamic flexural modulus from resonant frequency and loss
factor (measure of damplng}is calculated from the 3 dB half-power
bandwidth. The same samples used for dynamic flexural testing
were also used for extensional characterization (Fig. 2). In this case,
end-masses are added for lowering frequency. The software pro-

Densities of nylon 6.6 nano composites
D Experimental

0.00% 1.25% 250% 500% 10.0% 20.0%
MWCNT MWCNT MWCNT MWCNT MWCNT MWCNT
MWCNT reinforcement %

Fig. 2. Experimental set-up for flexural and extensional dynamic tests,

gram used takes these masses into account for computing exten-
sional modulus from the resulting FRF. Results of the flexural
vibration tests are reported here,

As shown in Fig. 3, a 15% increase in dynamic flexural modulus
and marginal drop in damping was observed with the addition of
1.25-2.5wtX¥ MWCNT compared to pristine nylon 66. The
20 wt.% nanocomposite exhibited both high flexural dynamic mod-
ulus and damping; however, this very high loading of MWCNT also
resulted in plate fracture during the extrusion manufacturing
process.

A 40% Increase In flexural dynamic modulus without drop in
damping was observed with the addition of 2.5 wt.% graphite
platelets to vinyl ester (Fig. 4). The nanoclay reinforcement did
not show any improvement in flexural modulus and damping.

Eco-Core foam samples OM18 and OM19, which consist of fly
ash with phenolic resin (+6 wt.% 0.125-in chopped glass fibers)
and 1-ply covering of phenolic resin-coated glass fiber veil (on
top/bottom surface), exhibited both high flexural dynamic modu-
Ius and damping (Fig. 5).

4, Low-velocity impact characterization

Nanoparticle-enhanced and Eco-Core foam samples were pre-
pared and tested in accordance with ASTM D-6110-06 Standard
test method for determining the charpy impact resistance of
notched specimens of plastics. Tests were performed at 2 m/s
(4.5 mph) velocity in an Instron Model 8250 drop-weight instru-
mented Impact system, with five notched and un-notched samples
tested for each MWCNT weight percent.

Densities of vinyl ester nanocomposites
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L]
£ 1000
X 300
£ o0
=
8 40

200

0

VINYL VYL VINYL  VINYL  VINYL
ESTER ESTER+ ESTER+ ESTER+ ESTER+
125%CLAY 25%CLAY  126% 26%
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Nanocomposite Type

Fig. 1. Densities of nanoparticle-enhanced (a) nylon 6.6 and (b) vinyl ester composites,
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Flexural dynamic modulus of Nylon 6,6 nano composites .
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Flexural loss factor for Nylon 6,6 nano composites
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Fig. 3. Flexural modulus and damping of nylon 6,6 nanocomposites.

Flexural dynamic modulus of Vinyl ester nanocomposites
50

00 = = T
PureVinyl  1.25% 2.5%

ester lay

Flexural loss factor for Vinyl ester nanocomposites
1.0E-01 3

H

1.0E-03 T

PureVinyl
oster N.

2.5%

1.25% 2.5%

1.25%

Nano composite

Fig. 4. Flexural modulus and damping of vinyl ester nanocomposites.

Flexural dynamic modulus of Eco-Core Foams

Flexural dynamic
modulus (GPa)

+ L

om12

—y T ™

oMmig Om21
Foam Type

OoM11 OM18 OM19

Flexural loss factor of Eco-Core Foams
1.E-01

Flexural loss factor

1.E-03 v
oM11

OoM12 OMie OM21 OM18 OM1e

Foam Type

Fig. 5. Flexural modulus and damping of Eco-Core foams.

As seen in Fig. 6, pure nylon 6,6 absorbed more load and energy
to failure than MWCNT relnforced nanocomposltes for both
notched and un-notched specimens, with the 5 wt.% being lower
than the rest. Un-notched samples showed larger data scatter.

Addition of 1.25-2.5 wt.% nanoclay or graphite platelets to vinyl
ester Improved the maximum Impact load by 60% and absorbed
energy by 130%, for un-notched samples (Fig. 7). For notched
specimens this trend is reversed, however, with graphite platelet
reinforcement exhibiting greater notch-sensitivity.

Eco-Core foams OM18 and OM19, which consisted of fly ash
with phenollc resin (+6 wt.% 0.125-In chopped glass fibers) and
1-ply covering of phenolic resin-coated glass fiber veil (on top/bat-
tom surface), appear to have maximum load and maximum energy

absorption to failure, for both notched and un-notched specimens
(Fig. 8). It was observed that the maximum load and energy ab-
sorbed by Eco-Core foams are very low compared to nylon 6,6
and vinyl ester nanocomposites.

5. High-strain rate (Hopkinson bar) compression tests

Small samples cut from 0, 2.5, 5 and 10 wt.% nylon 6,6 nano-
composite plates were subjected to high-strain rate compression
testing using a Split-Hopkinson Pressure Bar (SHPB) apparatus.
The strain rate for these tests was around 950/s at 30 psl pressure.
The 1.25wt.% nylon 6,6; vinyl ester with nanoclay and graphite
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platelet; and Eco-Core foam samples were not available at the time
of high-strain rate testing and are therefore not reported here, Typ-
ical responses of nylon 6,6 nanocomposites to high-straln loading
are shown in Fig. 9.

Addition of 2.5 wt.% MWCNT to pure nylon 6,6 showed 10-20%
improvement in strength and energy absorptlon at high-strain
rates (Fig. 10). A higher welght percent of MWCNT did not propor-
tionately Improve the strength or energy absorption. The dynamic
compressive modulus for 5 wt.% nanocomposite is about the same
as pristine nylon 6,6 at these high-strain rates, All the nano sam-
ples, including pure nylon 6,6, exhibited a permanent-set deforma-
tion under Hopkinson bar high-strain compressive loading, with
none shattering.

6. Molecular dynamic simulations of nanocomposltes

Many researchers have attempted to model the mechanical
behavior of single wall carbon nanotube (SWCNT) taking input
from molecular mechanics. Several new computational methods
and their applications to nanostructures have been developed:
equlvalent continuum models [4-6], quasi-continuum models
[7-14] using Tersoff and Brenner interatomlc potential [15,16],
and molecular dynamics simulatlons [17,18]. In thls paper we fo-
cus on modeling and slmulation of MWCNT composites using
molecular dynamlcs approach.

Molecular Modeling Is a computatlonal technique to model or
mimlc the behavior of the molecules, Force fields of computational
chemistry and material science are applied for studying small
chemlcal molecular systems and material assemblies. The common
feature of molecular modeling techniques Is the atomistic level
systems, thls Is in contrast to quantum chemistry. The main benefit
of molecular modeling is that it allows more atoms to be consld-
ered during the slmulation. Starting with a small number of mole-
cules, and keep increasing the unit cell slze, until one reaches a
periodlc system, which represents the full scale material proper-
ties. It Is recommended to simulate unit cells with 3000 atoms or
more, to describe the behavior of any material in order to get the
periodlc unit cell which represents the infinite system.

The commercially available Material Studio Software® [19] has
been used for performing molecular dynamic simulations of single-
and multi-wall carbon nanotube reinforced polymers to predict
their mechanical properties. This was accomplished by using bulk
amorphous polymer structures are generated by constructing
polymeric chains in a periodic cell, taking into account the bond
torsion probabilities and bulk packing requirements. Models are
then equilibrated by a series of energy minimization and molecular
dynamic runs. Crystal structures for semi-crystalline and amor-
phous polymers are generated {20,21] and the simulated bulk
structures are subjected to three different methods for evaluating
thelr mechanical behavior: the static method; the fluctuation
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of nylon 6,6 nanocomposites at high-strain rate,

method; and the dynamlc method. In this paper we used the static
method to illustrate the feasibility of using MD technlque for pre-
dicting mechanical properties of nanocomposites. The dynamic
method is still under investigation by the authors.

After molecular dynamlcs simulation has been performed, the
resulting deformed molecular structure is analyzed for determin-
Ing elastic constants, Elastic constants of the final atomic configu-
ration are computed using the statlc approach suggested by
Theodorou and Suter {22]. The elastic constants in this approach
are defined as

(o lon| 1 A
ok ek Tay Y0 OEmOen

' m

Tty o

where A denotes the Helmholtz free energy, = is the strain compo-
nent, ¢ is the stress component and V; is the volume of the simula-
tion cell In the undeformed configuratlon. It is -assumed that
contributions originating from changes in configurational entropy
on deformation, and from the strain dependence of the vibrational
frequencles are negligible for glassy polymers. Thus, it Is possible
to estimate the elastic stiffness coefficlents from numerical esti-
mates as

d*U/de; - dgy = [do;/dgj), )

where U Is the potential energy of the system.

For each configuration submitted for analysis of static elastic
constants, the first step conslsts of energy minimlzation using con-
jugate gradients method. In this study, the target minimum deriv-
ative for the inltial step is 0.1 kcal/A. However, to reduce the time
required for the calculation, a maximum of 1000 steps were per-
formed in attempting to satlsfy the convergence criterion. Follow-
ing the initlal stage, three tensile and three pure shear
deformations of magnitude +0.0005 were applled to the minl-
mized system and the system was re-minimlzed following each
deformation. The Internal stress tensor was then obtalned from
the analytically calculated virial and used to obtain estimates of
the 6 x 6 elastic stiffness coefficient matrices.

As a result of these simulations, the elastic stiffness coefficients
could be obtained by estimating the second derivatives of the
deformation energy with respect to strain using a finite difference
formula (for diagonal components only), and by calculating Ac;/Ag
for each of the applied stralns, where ¢; represents, in vector nota-
tion, elements of the stress tensor obtained analytically using the
following expression:

i) @) o

where index i runs over all particles 1 through N; m,, v; and f; denote
the mass, veloclty and force acting on particle i; and V, denotes the
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(undeformed) system volume. In an atomlstic calculation, this
expression for internal stress tensor Is called virial expression.

Generally, it is assumed that the numerical estimation of second
derivatives (of the energy) will be less precise than estimation of
the first derivatives (of the stress). Therefore, the latter method
has been used here for calculating the elastic constants. This ap-
proach creates the foundation of calculating elastic constants;
however, the potential energy expresslon can alter depending
upon the ensemble of thermodynamlc variables of the simulation
experiment.

In thls paper we used COMPASS force field [23] because it sup-
ports all the energy interactlon terms, in the material slmulated.
Different ensembles were applied for the different dynamic ther-
mostat or barostat steps, such as NVT, Constant-volume/con-
stant-temperature dynamics, NPT, Constant-pressure/constant-
temperature dynamics.

The equations of motion were solved with Anderson, Berendsen
or Parrinello velocity algorithms. The time step of integration was
set to 1 fs In all cases. The summation methods for van der Waals
and Coulomb forces were all atom based (cutoff, spline width and
buffer width was 9.5 A). The Discover program within Materials
Studio Software was used. Discover provides several methods for
controlling temperature and pressure. Depending on which state
variables (for example, the energy E, volume V, temperature T,
pressure P, and number of partlcles N) are kept fixed, different sta-
tistical ensembles can be generated. A variety of structural, ener-
getic, and dynamlc properties can then be calculated from the
averages or the fluctuations of these quantities over the ensemble
generated.

6.1. MWCNT

Two ensembles were applied for the dynamics steps, either NVT
(Anderson thermostat), or NPT (Berendsen barostat and Parrinello
thermostat). Temperature was set to 298 K and was raised till
400 K equilibrated back to room temperature to calculate the elas-
tic constants of different multi-wall carbon nanotubes, of different
chiralties, varying the number of walls, for both isobaric and iso-
choric ensembles. The MD trajectory was obtalned by saving the
coordinates and velocities of all atoms at each 100 fs (i.e. output
a frame every 100 fs). MS static elastic propertles were calculated

E11 versus No, of CNT walls

Longitudinal
Moduies GPa

Number of CNT walls
Fig. 11. Effect of the number of carbon jayers on Young's modulus of MWCNT using

MD Simulation with Berendsen thermostat and Berendsen barostat for NPT and
NVT ensembies.

Tabie 1

by applying three tenslle, and three shear strains of a magnitude
10.0005 to the minimized equllibrated system and the system is
reminimized following each deformation. The Internal stress ten-
sor is then obtained from the analytically calculated virial and used
to obtain estlmates of the elastlc stiffness coefficients matrix,

Two types of simulations are used: sequential or assigned (Indi-
vidual). In the sequentlal slmulation, the number of walls, chirality
of inner tube and the minlmum separatlon distance between car-
bon walls were specified without specifying the chiralty of the rest
of the walls, the program automatically calculates chirality of sub-
sequent layers. In the assigned sImulation, the chiralty of each wall
In the MWCNT is specified without over lapping the minimum dis-
tance, which is the thickness of a graphlne sheet, (3.347 A).

Various trial runs were carried out for the slmulation of multi-
wall carbon nanotubes. An assumptlon of transverse isotropy was
used in calculating engineering constants of MWCNT [24], Fig. 11
shows the effect of number of CNT layers on longitudinal Young's
modulus. It shows that after three layers the properties are almost
constant. Therefore, a MWCNT with three walls was used for the
composlte simulations. To study the effect of MCNT length on engi-
neering constants, various MWCNT lengths were simulated using
three walls by varying the number of super cell units and using
NPT ensemble (Table 1),

6.2, Nylon 6,6

For nylon-6.6, first a sIngle chaln of twenty monomers Is built,
and minimized using the conjugate gradient method. A rectangular
unit cell of dimensions 33.3 A x 33.3 A x 33.3 A was constructed
from 10 polymer chains with 3820 atoms and a target density of
1.07 gm/cc. The unit cell was minimized for 150 ps at a rate of
1 fs under both NPT and NVT using COMPASS force field. Then, dy-
namic temperature loading was applied on the unit cell as follows:
First, the temperature was increased from room temperature to
80°C, which Is beyond the glass transition temperature of nylon-
6,6. This was done in two steps at a rate of 150 ps per step, then
cooled to room temperature. Results of MD simulation for nylon
6,6 are shown In Fig. 12, Calculated engineering constants are sum-
marized In Table 2.

6.3. MWCNT-nylon 6,6 composites

An Infinlte crystal of the MWCNT relnforced nylon 6,6 contain-
Ing a given massfvolume fraction of the nanotube reinforcements
Is constructed uslng a box-shape unit cell of corresponding dimen-
sions. The periodic boundary conditions across all the faces of the
cell are applied. The MWCNT Is generated sequentially with the In-
ner dlameter having the chirality 5-5. Different volume fractions of
relnforcements are being consldered: 5%, 10%, and 20%. Lower
welght fractions (2.5 and 1.25) resulted In a very large system
which Is beyond the capabilities of the used software. The three
edges (a, b and c) of the cell are allgned respectively with the three
coordinate axes (x, y and z). The nanotube axis Is aligned with the z
cell edge lengths, respectlvely. The atomlc configuration within the
cell corresponding to the cross-linked molecules of the nylon ma-
trix and the MWCNT are generated using the following procedure;

Effect of MWCNT length on engineering constants
Length (A)- L/d ratio (inner tube) L/d ratio (fouter tube) " Ey (GPa) Ez2 (GPa) vi2 t23 (GPa) K3 (GPa)
2 Units 492 0.72 025 439 . 36 0.2 11 473
4 Units 984 15 05 493 36 0.26 7.7 47.15
30 Units 73.8 11 36 690 275 33 79 52,6
40 Units 98.4 144 48 720 286 33 83 549
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Fig. 12. MD simulation of nylon 6,6 matrix.

Table 2

Engineering constants of nylon 6.6 for different ensembies and different cut-off points
Engineering constants (GPA) NPT95A NPT6.5A NVT 65 A
En : 4.0 28 34

via . 024 028 037

P23 3.9 27 36

Kas 1.25 1.1 16

(a) A single molecule of the nylon Is first constructed using the
Visualizer {19] program from Accelrys, Fig. 12a;

(b) Next, the molecule generated in (a) is duplicated several
times depending on the weight fraction of interest, Fig. 12b;

(c) The nylon-6,6 moiecules generated In (b) are used as frag-
ments within the Amorphous Ceil program from Acceirys
{2] to generate a box-shape computational cell of a given
size containing the nyion 6,6 of a specified density;

(d) The atomic configuration corresponding to the MWCNT is
then constructed using the procedure described earlier;

(e) The atomic configuration obtained In (e) Is subjected to a
series of energy minimization and dynamic reiaxations
under NPT condition starting with 20 ps for 1 fs time step.
The temperature was raised from room temperature to
80°C (beyond the giass transition temperature of nyion
6.6), then cooied down to room temperature.

Table 3
Engineering constants for MWCNT-nylon 6,6 composites with 5, 10 and 20 wt.X

fractions

Engineering constants (GPA) 5% 10% 20%
En 55 136 735
Ex 5 96 406
2 032 31 -
s 1.8 63 86
Kz 53 105 18

Results of molecular dynamic simuiations for MWCNT-nylon
6.6 composites with different weight fractionsare shown in Tabie 3.

7. Concluding remarks

Non-destructive vibration response results show that the dy-
namic stiffness of nylon 6,6 nanocomposites increases with
MWCNT loadings and the damping is reduced. In general, the
10 wt.% and 20 wt.¥ MWCNT/nylon 6,6 composites exhibited high-
est stiffness and damping. The 20 wt.% nano composite plates had
broken into pieces during extrusion manufacturing process, and
are therefore not consldered practical. Addition of MWCNT was
detrimental to the maximum load and energy absorption under
low-velocity Impact. However, there was an Improvement In
strength and energy absorption at high-strain rates under com-
pressive loading with Hopkinson pressure bar apparatus.

A 40% increase in flexural dynamic moduius without drop in
damping, aiong with improved low-veiocity impact energy absorp-
tion was observed with the addition of 2.5 wt.% graphite platelets
to vinyl ester. The nanoclay reinforcement did not show any
improvement in flexurai modulus and damping. Eco-Core foams
with chopped giass fibers exhibited higher flexurai moduius,
damping and impact energy absorption compared to those without
chopped giass fibers.

Resuits of moiecular simuiations with various types of loadings
applled to MWCNTSs show that the MWCNT is transversely Isotro-
pic. The transverse properties are comparatively poor. Molecuiar
dynamic simulation Is an effective technique that may be em-
ployed for obtaining composite properties.
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Abstract. Fire, smoke and toxicity are of significant concern for composite materials used in marine applications. Bromi-
nation of vinyl ester resin imparts fire retardancy as manifested by a reduction in the amount of smoke, carbon monoxide,
and corrosive combustion products. In this research, the viscoelastic properties, modulus (stiffness) and damping (energy
dissipation), of 1.25 and 2.5 wt. percent nanoclay and exfoliated graphite nanoplatelet (xGnP) reinforced non-brominated
and brominated vinyl ester have been studied over a range of temperature and frequency. Effects of frequency on the vis-
coelastic behavior were investigated using a Dynamic Mechanical Analyzer (DMA) by sweeping the frequency over three
decades: 0.01, 0.1, 1 and 10 Hz, and temperature range from 30-150°C at a step rate of 4°C per minnte. Master curves were
generated by time-temperature superposing the experimental data at a reference temperature. The nano reinforced compos-
ites showed a drop in initial storage modulus with bromination. Nanocomposites with 1.25 and 2.5 wt. percent graphite had
the highest storage modulus among brominated specimens. Bromination was also found to significantly increase the glass
transition temperature (7)) and damping for all nanocomposites. Among the brominated specimens, 1.25 wt. percent
graphite platelet reinforced vinyl ester exhibited the best viscoelastic response with high damping and glass transition tem-
perature, along with superior storage modulus over a longer time period.

Keywords: nanocomposites, viscoelastic properties, bromination

1. Introduction

Thermoset vinyl ester matrices are becoming
increasingly important in industrial applications
due to their enhanced mechanical properties. They
exhibit characteristics similar to epoxy resins, as
well as unsaturated polyester resins. Advantages
include high tensile strength and stiffness, low cost,
process versatility and good chemical resistance.
However, vinyl ester still has some challenges like
poor resistance to crack propagation, brittleness
and large shrinkage that occurs during polymeriza-

*Corresponding author, e-mail: amalmagl @olemiss.edn
© BME-PT

tion. Therefore, introducing good interfacial bond-
ing between nanofillers and the resin is often used
to alleviate volume shrinkage, void formation and
improving surface dispersion along with toughness.
Methods of incorporating nanoparticles into poly-
mer matrices could be ex-sifu, like dispersion of the
synthesized nanoparticles into resin solution, or in-
situ monomer polymerization process in the pres-
ence of the nanoparticles [1]. The interaction
between the nanoparticles and matrix for the ex-situ
fabricated composites are normally van der waals
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forces, steric interaction. However, the in-situ syn-
thesis methods may create strong chemical bonding
within the composite.

Optical and mechanical properties of vinyl ester
polymer reinforced with ZnO nanoparticles, func-
tionalized with a bi-functional coupling agent
methacryloxypropyl-trimethoxysilane (MPS) were
investigated by Guo et al. [2]. The existence of
MPS at the interface between the matrix and parti-
cles results in improved interfacial interaction
which in turn improves UV shielding, modulus and
strength significantly. '

The physical properties of vinyl ester reinforced
with unmodified CuO nanoparticles and those
functionalized with a bi-functional coupling agent
methacryloxypropyl-trimethoxysilane (MPS) were
studied by Guo et al. [3]. Increase in both thermal
stability and mechanical properties were attributed
to good nanoparticles dispersion at the interface
and the resulting chemical bonding between the
functionalized nanoparticles and the matrix.

Vinyl ester thermosetting nanocomposites rein-
forced with iron oxide nanoparticles were prepared
and characterized by Guo et al. [4]. Iron oxide
nanoparticles functionalized with a bi-functional
coupling agent was observed to increase the adhe-
sion and dispersion of the nano filler into the matrix
resulting in increased thermal stability, lower cur-
ing temperature arid improved mechanical proper-
ties. The nanocomposites became also magneti-
cally stronger and were independent of particles
functionalization.

Schroeder et al. [5] analyzed morphologically ther-
moset materials obtained from styrene/vinyl ester
resins of different molecular weights modified with
polymethyl methacrylate (PMMA). It was found
that different morphologies including dispersion of
thermoplastic rich particles in a thermoset resin,
continuity of network structure were highly depend-
ent on molecular weight of vinyl ester, curing tem-
perature and concentration of the PMMA additives.
The addition of the thermoplastic PMMA increased
the fracture resistance without significantly affect-
ing both volume shrinkage reduction and the ther-
mal-mechanical properties of the modified ther-
mosets.

Recent interest in the use of organic-matrix com-
posite materials in US Navy submarines and ships
has generated the requirement for significant
improvement in the flammability performance of

these materials including reduction in the amount
of smoke, carbon monoxide, and corrosive com-
bustion products. New fire retardant approaches for
organic-matrix composite materials are needed to
address the smoke issues and to further reduce the
flammability of these composites. Focus of our
research is on developing stronger, safer and more
cost-effective structures for the new generation
naval ships; especially nanoparticle reinforced
glass/carbon polymeric based composites and
structural foams for blast/shock/impact mitigation.
Fire, smoke and toxicity are of significant concern
in ship structures. The US Navy is currently using
brominated vinyl ester matrix resin with glass rein-
forcement for composite applications in topside
surface ship structures [6]. This matrix resin was
selected due to its good corrosion resistance and
toughness. Bromine is an effective flame retardant,
especially when combined with antimony oxide.
Bromination of vinyl ester resin imparts fire retar-
dancy as manifested by flame spread and lower
heat release rates. However, this fire-retardant sys-
tem functions primarily in the gas phase causing
incomplete combustion. As such, brominated resins
produce dense smoke, an increase in the yield of
carbon monoxide, and hydrogen bromide.

The work reported here is an extension of previous
work [7] on the viscoelastic behavior of non-bromi-
nated vinyl ester nanocomposites, DMA measure-
ments are usually carried out under constant
displacement amplitude in a fixed-frequency defor-
mation mode, in which the mechanical properties
are function of temperature only. Other measure-
ments that provide more information may include
frequency sweep with temperature steps, to which
time-temperature superposition (TTS) applied to
predict the long-term time dependent properties of
the material [8]. An attempt has been made to
experimentally characterize the dynamic storage
modulus (E”) and damping of brominated and non-
brominated vinyl ester reinforced with 1.25 and
2.5 wt. percent nano-clay and exfoliated graphite
nanoplatelets (xGnP) as a function of temperature
and frequencies. Dynamic mechanical testing has
been used to perform multi-frequency (accelerated
temperature measurements) and theoretical time-
temperature superposition treatment of the data.
Effects of bromination on the viscoelastic response
of these vinyl ester nanocomposites are discussed.
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2. Theory

The time-temperature superposition principle is
based on the fact that processes involved in molec-
ular motion occur at larger rates at elevated temper-
atures. The change in property which occurs rela-
tively quickly at higher temperatures can be made
to appear as if they occurred at longer times or
lower frequencies simply by shifting the data with
respect to time (1/frequency) [8]. By shifting the
data with respect to frequency to a reference curve,
a master curve is generated, which covers time (fre-
quencies) outside the accessible range.

The shifting mechanism used to shift a set of data
upon a reference curve follows WLF [8] model.
This model assumes that the fractional free volume
increases linearly with respect to temperature in the
transition region, and when the free volume
increases, its viscogity decreases. In this model, the
degree of shifting was calculated according to
Equation (1);

0]

For both resin systems (with and without bromina-
tion), C1 and C; were found to be around 103.9 and
399 K, respectively. Relationship between the
shifting factor (ar) versus T is plotted in Figure 1
for pure and brominated vinyl ester.
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Figure 1. Relationship between shifting factor (a7) and
temperature for pure and brominated vinyl ester
based on the WLF model

3. Experimental
3.1. DMA setup

Dynamic measurements were carried out using the
TA Instrument model Q800 DMA on prismatic
specimens deformed in a single-cantilever clamp-
ing mode, with a span length of 17.5 mm. Stress
and strain with the single-cantilever clamp used in

model Q800 DMA are calculated with Equa-
tions (2) and (3), respectively [8], assuming linear
viscoelastic behavior.

6PL
Ox="7% @
wt

30tF,
g, = 3)

x 2
L2|:1+£(1+1))(L) ]
5 L
where L - clamp span length

t —sample thickness
w —width of the specimen
v —DPoisson’s ratio
F, —clamping correction factor
Oy — stress
€y — strain
P - applied force
8 - amplitude of deformation

3.2, Test description

The 1.25 and 2.5 wt. percent nanocaly and xGnP
reinforced non-brominated and brominated vinyl
ester nanocomposites were characterized by per-
forming a multi-frequency isothermal mode, in
which the sample is equilibrated at different tem-
peratures and subjected to a seres of frequencies.
Specimens with dimensions of 35x10x1.6 mm
were subjected to frequencies of: 0.01, 0.1, 1 and
10 Hz with a temperature step rate of 4°C per
minute starting from 30°C (RT) to 150°C. A very
small displacement amplitude (25 pm was applied
since the analysis assumes linear viscoelastic char-
acterization, and two specimens were tested from
each configuration. The raw data was then fed to
the Rheology data analysis software to generate the
master curves.

3.3. Materials and sample preparations

The polymeric matrix used was a vinyl ester resin
(manufactured and supplied by Ashland specialty
chemical, Division of Ashland INC (Columbus,
OH)). DERAKANE 411-350-(non-brominated) is
a mixture of 45 wt.% styrene and 55 wt.% vinyl
ester. Styrene allows the chain extension because of
its single unsaturated carbon-carbon double bond,
while the vinyl ester resin with two reactive vinyl
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Figure 2. Morphology of xGnP using (a) edge view (TEM), and (b) Lateral view (SEM)

end groups enables the crosslinking for network.
DERAKANE 510A-40 (brominated) vinyl ester
resin is a brominated bisphenol-A based viny! ester
consisting of 38 wt.% styrene, and modified to pro-
duce the maximum degree of fire retardancy com-
bined with enhanced chemical resistance and
toughness. These additives are Butanone peroxide,
N,N-Dimethylaniline, Cobalt Naphthenate, and 2-
4-Pentanedione, all supplied from Sigma Aldrich
(St. Louis, Mo).

Exfoliated graphite nanoplatelets (xGnP) were pro-
duced according to the method described in [9].
The nanoclay was Cloisite 30B from Southemn Clay
Products, Inc (Gonzales, TX). Figures 2a and 2b
show a morphology using TEM and SEM for both
edge and lateral views of xGnP inside a polymer.
These xGnP nanocomposites have exfoliated and
dispersed graphite platelets with 1 nm thickness
and several hundred nanometers widths. Distance
between layers is in the range of 10~30 A and size
of the layered graphite extends from several hun-
dred nanometers to several microns.

The samples were prepared by dispersing about
3000 g of epoxy vinyl ester resin solution with dif-
ferent percentages of nanoclay or nanographite in a
1 gal container for 4 hours, followed by 4 passes
through a flow cell connected to a 100 W sonicator.
1% Butanone peroxide, 0.2% of 2-4 Pentanedione,
0.1% N,N-Dimethylaniline, and 0.2% Cobalt
Naphthenate were added to the mixed vinyl ester
resin solution in order and mixed for 10 min. The
above mixed resin solution was mixed for 2 min
with FlackTek speed mixer at 3000 RPM. The
well-mixed vinyl ester resin solution with nanoclay
or nanographite was poured into a 13x13x0.4”
mold, let stand for 30 minutes at room temperature

and then was post cured at 80°C for 3 hours. Pris-
matic samples with nominal dimension of 35x10x
1.6 mm size were prepared from these plates and
tested in a DMA using the single-cantilever clamp
fixture.

4. Results and discussion
4.1. Densities

As shown in Figure 3, the densities of brominated
vinyl ester nanocomposites are greater than that of
the non-brominated samples. It should be noted that
bromine is a heavy atom and there are four bromine
atoms bonded in one molecule, which results in
density being higher for brominated specimens.
Specific gravity of 510A-40 brominated vinyl ester
is about 1.23 while that of the non-brominated ver-
sion 411-350 is 1.046.

1400

1200 fo-r

1000 {

" Pure  125wW%  25vi%  125w% 25 w%

nanoclay nanoclay graphite graphite
Vinylester nanocomposlte

o VE s Brominated VE

Figure 3. Densites of non-brominated (411-350) and
brominated (510A-40) vinyl ester nanocompos-
ites
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4.2. Modulus

The storage modulus versus temperature curve pro-
vides valuable information about the stiffness of a
material as a function of temperature, and it is sen-
sitive to structural changes such as molecular
weight, fiber-matrix bonding and degree of
crosslinking density. Crosslink density, typically
given as the average molecular weight between
crosslinks (Mc), is an important factor governing
the physical properties of cured thermoset resins.

- Moreover, it can be changed by adjusting the

styrene content in the resins, molecular weight of
vinyl ester oligomers, altering the state of conver-
sion, and control of the cure conditions [10].
Crosslinking densities of the two resin systems
(non-brominated and brominated) resulting from
different styrene contents were calculated [10] as
1116 and 597 mol/m3, respectively, based on Equa-
tion (4):

y-98
RT

@

where V - crosslinking density

R - gas constant

G} - plateau modulus from master curve of

the shear modulus versus frequency.

Calculation of crosslinking density for nanocom-
posites using this equation is invalid, because con-
tribution of nanoparticles in the crosslinking
mechanism is unknown.
Higher initial storage modulus in fiber reinforced
composite materials are in general attributed to
good fiber/matrix bonding (cross linking), or higher
initial molecular weight [11]. Figure 4 shows initial
storage modulus (30°C) for vinyl ester nanocom-
posites, with and without bromination. Initial mod-
ulus was observed to increase with addition of
nanoparticles in the non-brominated system. On the
other hand, bromination resulted in a reduction of
the initial storage modulus with addition of
nanoparticles. Among the brominated specimens,
gain in glassy (initial) modulus was observed with
xGnP reinforcement, and a loss in glassy modulus
was associated with the addition of nanoclay parti-
cles. Loss in storage moduli with the brominated
nanoclay composites could be due to weak interfa-
cial bonding between the nanoclay particles and
brominated resin. However, the 1.25 wt.% xGnP
appears to be bonding better with the brominated

4500 T5VE ranocomposiies
400042 brominated VE nanocomposites ]

3500 {~——y-

3000
25001~

Modulus [MPa]

15004~
1000 {1
500 1~

Pure 125wi% 25wi% 125W% 25W%
nanoclay nanoclay graphite graphlte

Vinylester nanocomposites

Figure 4. Initial storage modulus for non-brominated and
brominated nanocompsoites at 1 Hz frequency

resin resulting in higher storage modulus compared
to pure brominated vinyl ester.

Figures 5-7 show the storage modulus (E’) evolu-
tion with temperature for some of the vinyl ester
nanocomposites, with and without bromination.
Bromination effect modifies the dynamic mechani-
cal behavior for VE and its nanocomposites. Drop

10000
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g

R '-.-75'
.

,,I

1
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Figure 5. Storage modulus for pure vinyl ester with and
without bromination
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Figure 6. Storage modulus for 2.5 wt. percent nanoclay
reinforced vinyl ester with and without bromina-
tion
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Figure 7. Storage modulus for 1.25 wt. percent xGnP rein-
forced vinyl ester with and without bromination

in modulus in the transition region is shifted to
higher temperature. It is interesting to note that no
major variation appears in the value of the rubbery
modulus in both systems (brominated and non-
brominated) with the addition of nanoparticles.
This indicates that the crosslinking density of both
networks has not been significantly affected with
the addition of nanoparticles.

4.3. Damping

Tand, defined as the ratio of loss modulus to stor-
age modulus, is a measure of the inherent material
damping. Peak of tand is the region over which the
material experiences a transition from glassy to a
leathery behavior, associated with the onset of short
range molecular segments motion, of which all are
initially fixed. Bromination in general resulted in
greater value of tand peak for all the nano rein-
forcements including pure vinyl ester (300%
increase) suggesting that more material is involved
in the relaxation (Figures 8-10). Two relaxations
were observed for non-brominated vinyl ester, one
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L e T e
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Figure 8. Tan curves for pure vinyl ester, with and with-
out bromination
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Figure 9. Tand curves for vinyl ester reinforced with
2.5 wt.% xGnP, with and without bromination

at around 60°C and another between 110-120°C,
which corresponds to the transition of St-resin rich
phase at higher temperature. Varying the nanoclay
concentration from 0 to 2.5 wt. percent produced a
significant increment in the height of the corre-
sponding loss factor peak (Figure not shown).
However, significant drop of tan8 peak was associ-
ated with the addition of 2.5 wt.% xGnP to bromi-
nated resin. The greater amount of xGnP added to
the brominated resin, more brittle material behavior
was observed.
Area under tand curve (with units of °C) over the
temperature range (30-150°C) was also calculated,
as it is another good indicator of the total energy
absorbed by the material [12]. The higher the area
under tand curve, the greater the degree of molecu-
lar rearrangement, which enables the material to
better. absorb and dissipate energy. Brominated
nanocomposites in general exhibited higher area
under tand curves compared to the non-brominated
14

o VE nanocomposites
= brominated
—..VE nanocomposites

Pure  126W% 25W% 125W% 25wt
nanoclay nanoclay graphite graphite

Vinylester nanocomposites

Figure 10. Tan§ peak for brominated and non-brominated
vinyl ester nanocomposites at 1 Hz frequency
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Figure 11. Area under tand curves for brominated and
non-brominated vinyl ester nanocomposites at
1 Hz frequency

samples (Figure 11). From Figure 10, the higher
tand peak value observed with the addition of
2.5 wt. percent nanoclay compared to 2.5 wt. per-
cent graphite for brominated specimens, indicates
greater molecular mobility in nanoclay brominated
composites. Besides, the greatest loss in storage
modulus along with the superior tand peak associ-
ated with the addition of nanoclay particles to
brominated resin indicates that this reinforcement
may be adversely affecting the interfacial bonding.
Consequently, graphite nanoplatelets appear to
form better interfacial bonding with brominated
resin than nanoclay reinforcements.

4.4. Glass transition temperature, Tg

Figure 12 shows the loss modulus curves for the
pure and brominated vinyl ester, as a function of
frequency. Brominaton system produced network
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Figure 12. Loss modulus for pure vinyl ester, with and
without bromination, as a function of fre-
quency

with higher glass transition temperature (tempera-
ture corresponding to peak of loss modulus) than
the non-brominated case. For example, Ty, for pure
vinyl ester increased by about 80% with bromina-
tion. Glass transition temperature for the non-
brominated vinyl ester nanocomposite system
increased with increasing content of nanoparticles.
Whereas in case of brominated vinyl ester
nanocomposite system, it did not change with addi-
tion of nanoparticles. Furthermore, the glass transi-
tion temperature of the brominated samples for
both pure resin and the nanocomposites was still
higher than that of the non-brominated samples.

The significant increase in, T,, achieved with
bromination is probably due to higher initial den-
sity (molecular weight). As molecular weight
increases with bromination, the glass transition
region is displaced to longer time or temperature,
because chain movement is expected to suppress
when molecular entanglement is increased [13].

4.5, Time-temperature superposition

Since the glass transition temperature for nanocom-
posites with and without bromination is found to be
varying, for this work a reference temperature of
50°C was chosen to generate master curves for the
storage modulus. To perform this, data from higher
temperature experiments in the lower portion of the
plot are shifted to the left (lower frequencies) and
curves corresponding to the temperatures lower
than 50°C are shifted to the right [8]. Figure 13
shows the generated master curves of storage mod-
ulus over an extended period of time. From
Figure 13a, the brominated vinyl ester is observed
to maintain its rigidity (at 50°C) with an average
dynamic storage modulus of (2.5 GPa) over a
period of 1019 secs (321.5 years), where as the non-
brominated vinyl ester starts to loose it’s stiffness
gradually just after 103 secs (17 minutes). This is a
significant improvement on the long term behavior
of vinyl ester with bromination. Similarly, the
brominated 1.25 wt. percent xGnP reinforced spec-
imens exhibit superior average modulus of 2.7 GPa
over 321.5 years (Figure 13b). In contrast, all the
specimens with 2.5 wt. percent nanoreinforcement,
both with and without bromination, show a stable
dynamic response with an average storage modulus
of 2.5 GPa (Figure 13¢) for the first 108 sec
(3.2 years) only.
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Figure 13, Master curves of storage modulus at a refer-
ence temperature of 50°C as a function of log
time for a) pure vinyl ester, b) 1.25 wt. percent
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5. Conclusions

Bromination of vinyl ester resin imparts fire retar-
dancy as manifested by a reduction in the amount
of smoke, carbon monoxide, and corrosive com-
bustion products. The effect of bromination on the
viscoelastic behavior of Derakane 411-350 (non-
brominated) vinyl ester reinforced with 1.25 and
2.5 wt. percent nanoclay and graphite nanoplatelets
was investigated with a DMA. Frequency sweep
across three decades: 0.01, 0.1, 1 and 10 Hz was
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performed over temperature range from 30 to
150°C at a step rate of 4°C/min. The time-tempera-
ture superposition principle was applied to create
master curves of dynamic storage modulus at a ref-
erence temperature of 50°C.

Initial modulus was observed to increase with addi-
tion of nanoparticles in the non-brominated system.
However, bromination resulted in a reduction of ini-
tial storage modulus with the addition of nanoparti-
cles. Among the brominated specimens, gain in
glassy (initial) modulus was observed with xGnP
reinforcement, and a loss in glassy modulus was
associated with the addition of nanoclay particles.
Both the pure vinyl ester and nanocomposites with
bromination exhibited higher tand peak values and
larger areas under the tand curves. From the storage
modulus and damping results, it is surmised that
graphite platelets appear to form better interfacial
bonding with the brominated resin than the nan-
oclay reinforcements. Brominaton was also found
to significantly increase the glass transition temper-
ature for both pure vinyl ester (up to 80%) and the
nanocomposites. The brominated vinyl ester rein-
forced with 1.25 wt. percent graphite platelets
exhibited the best viscoelastic response with high
damping and glass transition temperature, along
with superior storage modulus over a longer time
period.
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ABSTRACT: This article discusses the viscoelastic behav-
ior of a vinyl ester (Derakane 411-350) reinforced with 1.25
and 2.5 wt % nanoclay and exfoliated graphite nanoplate-
lets during short-term creep and relaxation tests with a
dynamic mechanical analyzer. Linear viscoelastic models
are generally composed of one or more elements such as
dashpots and springs that represent the viscous and elastic
properties. Stress relaxation data from the dynamic me-
chanical analyzer have been used to obtain the elastic pa-
rameters based on model constitutive equations. The
standard linear solid model, which is a physical model,
has been used for predicting the creep deformation behav-
ior of the vinyl ester nanocomposites over a wide tempera-
ture range. Some correlations have been made with the
mechanical model, such as the effect of temperature on
the deformation behavior, which is well explained by the

dashpot mechanism. At lower temperatures, higher creep
compliance has been observed for the vinyl ester versus
the nanocomposites, whereas at temperatures near the
glass-transition temperature of the vinyl ester, creep com-
pliance in the nanocomposites is closer in magnitude to
that for the vinyl ester. The creep response of the pure
vinyl ester and its nanocomposites appears to be modeled
reasonably well at temperatures lower than their glass-
transition temperatures. A comparison of the predictions
and experimental data from the creep tests has demon-
strated that this model can represent the long-term defor-
mation behavior of these nanoreinforced materials
reasonably well. © 2009 Wiley Periodicals, Inc. J Appl Polym Sci
000: 000-000, 2009

Key words: nanocomposites; viscoelastic properties

INTRODUCTION

Composite materials with polymer matrices exhibit
viscoelastic behavior that is directly related to the
molecular structure and formulation differences. A
polymer at a specific temperature and with a specific
molecular weight may behave as a liquid or a solid
according to the timescale at which its molecules are
deformed. In crosslinked polymers, the crosslinking
acts to decrease the viscous component of visco-
elastic behavior because the chains are prevented
from slipping past one another.

Understanding the viscoelastic properties of com-
posite materials is essential for the design and analy-
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sis of advanced structures. To determine the creep
behavior of a given material, a constant stress is
applied to a specimen maintained at a constant tem-
perature, and the strain data are collected as a func-
tion of time. When a load is applied, instantaneous
deformation occurs as a pure elastic response. This
deformation is followed by rapidly decreasing defor-
mation called primary deformation." This is then fol-
lowed by steady-state linear deformation called sec-
ondary deformation. The creep behavior of a
polymer also depends heavily on the material tem-
perature during testing, and the highest rate of de-
formation occurs around the glass-transition temper-
ature (Ty).

The creep behavior of many plastics has been fit-
ted to an analytical relationship similar to those pro-
posed for metals. Findley* demonstrated that the
creep strain (g) and time (f) could be related by the
following equation:

g(t) = eo +mt" 6))]

where &g is the instantaneous strain and m and n are
material constants that depend on both the stress and
temperature. The restriction of this approach is that it
does not provide a physical representation for creep de-
formation behavior under different loading conditions.
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Figure 1 Morphology of xGnPs: (a) edge view (transmission electron microscopy) and (b) lateral view (scanning electron

microscopy).

Bakis and Temple-Boyer® studied the tensile creep
response of coupon-type specimens made of epoxy
reinforced with single-walled carbon nanotubes (up
to 3 wt %). Master creep compliance curves were
constructed at a reference temperature of 40°C on
the basis of the time-temperature superposition
principle, and a Findley-type creep law for the
creep strain was fit to the master curves according
to eq. (1).

Many physical models have described the time-
dependent mechanical behavior of polymers. Most
of these models have been developed to character-
ize the strain rate dependence, creep, and stress
relaxation over the viscoelastic regime*® Linear
viscoelastic models are generally composed of one
or several elements such as dashpots and springs
that represent the viscous and elastic properties.
The Kelvin model, which is one of the simplest
models, consists of a linear spring and a dashpot
in parallel, and this model can be used to represent
the behavior of a sohd polymer component at the
beginning of loading.! At longer times, the pre-
dicted deformation approaches a fixed value, and it
returns to an undeformed condition after load
removal.

Thermoset vinyl ester matrices are becoming
increasingly important in industrial applications
because of their enhanced mechanical properties.
They exhibit characteristics similar to those of epoxy
resins as well as unsaturated polyester resins. Advan-
tages include a high tensile strength and stiffness, low
cost, process versatility, and good chemical resistance.
The deformation behavior of a vinyl ester polymer

Journal of Applied Polymer Science DOI 10.1002/app

over a wide range of strain rates (0.0001-1/s) and
over a wide range of temperatures [room temperature
(RT) to 100°C] was investigated by Plaseied and
Fatemi” under monotonic tensile loading and relaxa-
tion conditions. In our work, the effect of temperature
on the creep deformation behavior of a vinyl ester
(Derakane 411-350) and its nanocomposites with
1.25 and 2.5 wt % nanoclay and exfoliated graphite
nanoplatelets (xGnPs) was investigated. The objective
was to develop conshtut;ve models to describe the
viscoelastic behavior and characterize the tempera-
ture-dependent mechanical response of vinyl ester
nanocomposites.

EXPERIMENTAL
Material preparation

Clay and graphite in conventional composites exist
as layered materials, with the layers held together
by van der Waals forces without any intercalation or
exfoliation. Exfoliated nanocomposites, however,
have exfoliated and dispersed graphite platelets
with a 1-nm thickness and widths of several hun-
dred nanometers. Figure 1(a,b) shows the morphol-
ogy with transmission electron microscopy and scan-
ning electron microscopy from both the edge and
lateral views of xGnPs inside a polymer.® The
distance between the layers was in the range of 10-
30 A, and the size of the layered graphite extended
from several hundred nanometers to several
micrometers.
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CREEP AND STRESS RELAXATION MODELING

Square plates of the Derakane 411-350 vinyl ester
and its nanocomp031tes with nominal dimensions of
254 x 254 x 9.9 mm> (10" x 10" x 0.39") were pre-
pared at the Composite Materials and Structures
Center of Michigan State University. Prismatic sam-
ples with nominal dimensions of 35 x 10 x 1.6 mm®
were prepared from these plates and tested with a
dynamic mechanical analyzer with a single-cantile-
ver clamp fixture.

Experimental setup

Because a material’s modulus is independent of its
geometry, equations relating the sample stiffness to
the modulus depend on the clamping conditions,
sample shape, and deformation mode. The stiffness
calculation for the single-cantilever clamp used in
the TA Instruments model Q800 dynamic mechani-
cal analyzer along with the appropriate correction
factor is described. Also included are stress and
strain equations calculated from the force and defor-
mation amplitude. The maximum level of strain
occurs at the sample surface, whereas the center
experiences no strain at all, provided that the stress
and strain equations assume linear viscoelastic
behavior. The stiffness model and maximum stress
and strain level equations for a rectangular cross-
section sample, analyzed on a single-cantilever
clamp,” are as follows:

K2 12 £\
Fc =0.7616 - 0. 02713{+ 0.1083 ln( ) 3
x = %}Etli" (4)
3dtFc
= (6)
21+2+0 ()]

where E is the elastic modulus, L is the clamp span
length, K, is the measured stiffness, ¢ is the sample
thickness, I is the sample moment of inertia, v is
Poisson’s ratio, F¢ is the clamping correction factor,
oy is the stress, €, is the strain, P is the applied force,
and 3 is the amplitude of deformation.

Test description

Derakane 411-350 vinyl ester samples with 1.25 and
2.5 wt % nanoclay and xGnPs were tested in a TA
Instruments model Q800 dynamic mechanical ana-
lyzer using a single-cantilever clamp with a span of
17.5 mm and a preload stress of 3 MPa. The preload

w113
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stress of 3 MPa was chosen because the linear visco-
elastic theory is applicable when stresses are low.
Two samples were tested from each configuration.

Short-term creep tests were carried out by the sub-
jection of the samples to a constant load over 30 min
at isothermal temperatures in the dynamic mechani-
cal analyzer. RT fluctuated between 28 and 30°C. A
temperature range of 28-100°C was chosen as this
covered T, for all the nanocomposites that were
investigated. The sample was initially equilibrated at
28°C for about 4 min to ensure that the sample tem-
perature settled down. After equilibrium, the sample
was subjected to a fixed stress of 3 MPa for about
30 min. The temperature was then increased by 4°C,
and the aforementioned procedure was repeated
until the final temperature of 100°C.

In the stress relaxation mode, the sample was held
at a constant strain, and the stress level was meas-
ured as a function of time over the same tempera-
ture range. The method segments executed during
the relaxation test were the same as those used in
the creep test. The sample was initially equilibrated
at RT for about 4 min and then displaced 0.1 mm
for 30 min. The temperature was then increased by
4°C, and the process was repeated until the final
temperature of 100°C.

MODEL FORMULATION

The Maxwell model is a basic deformation behavior
model for polymers; other models such as the Kelvin
model and standard linear solid (SLS) are modifica-
tions of this model de51gned to better describe the
deformation behavmr Figure 2 shows the SLS
model consisting of a Maxwell element (a linear
spring and a dashpot in series) and a linear spring
in parallel. This model has been chosen because it
can describe stress relaxation and creep behavior
and also can explam the two main deformations of
plastics;'® the spring represents deformations due to
bending and stretching of intermolecular bonds,
whereas the dashpot represents deformation due to
a viscous effect. Some correlations have been made
with the mechanical model, such as the effect of
temperature on the mechanical behavior, which is
well explained by the dashpot mechan<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>